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Abstract 
 
Reversed-Phase High Performance Liquid Chromatography (RP-HPLC) is one of the 
most widely used techniques for provision of analytical measurement information in the 
pharmaceutical industry from discovery through to development, clinical and 
manufacturing analytical laboratories. The pharma industry has been for many years 
attempting to transform the efficiency of method development and increasingly attention 
has turned to using in silico methodologies. Pfizer have been at the forefront of 
developing streamlined workflows and more recently, models for retention time 
prediction so as to reduce the amount of experimental effort in method development. 
Many of the in-silico strategies used rely on calculated parameters of the molecules under 
investigation and to some extent the characteristics of the RP-HPLC stationary phases, 
but no models yet have captured any measures that capture any description of the multiple 
and complex analyte – stationary phase-mobile phase interactions within any one RP-
HPLC method condition.  
To accomplish this, 1H high resolution magic angle spinning (HR-MAS) nuclear 
magnetic resonance (NMR) spin-lattice (T1) and spin-spin (T2) relaxation measurements 
were carried out to probe site-specific molecular motion of a series of aromatic 
compounds and reversed phase HPLC stationary phases in two different mobile phases. 
The NMR relaxation measurements provided insight about the nature of the site-specific 
interaction between the compounds with different stationary phases.  
Keywords: method development, reversed phase high pressure liquid chromatography; 
atomic resolution; spin-lattice relaxation; spin-spin relaxation; site-specific interaction; 
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1 INTRODUCTION 
High pressure liquid chromatography (HPLC) is an analytical technique used to identify, 
quantify and separate compounds in a mixture. Over the years, HPLC has been developed 
to cover a broad range of applications it has today. In the pharmaceutical industry, 
reversed phase high pressure liquid chromatography (RP-HPLC) is heavily relied upon 
from discovery through development and clinical to manufacturing laboratories.              
RP-HPLC method development strategies have over the years gained significant attention 
across the industry and in the scientific literature and regardless of the strategy it is 
common to see several steps [1, 2] being required before optimal starting conditions for 
method development and validation can be selected (see Figure 1.1.). The most important 
information required at the start of the activity are the physical and chemical properties 
of analytes in the samples requiring separation. These commonly include molecular 
chemical structure, molecular weight, pKa, logD, LogP, solubility and UV spectra. Such 
characteristics enable the chromatographer to narrow down the selection of detector as 
well as mobile and stationary phases for the development activities. 
 
Figure 1.1. Steps followed in HPLC method development 
 
It is important to gather as much detail as possible about the sample matrix, sampling 
procedure and sample source prior to any sample manipulation in readiness for the RP-
HPLC analysis. In pharmaceutical development laboratories, its generally true that 
Sample	properties Samplepreparation Detector	selection Preliminary	seperation	conditions Optimiseconditions Check	for	problems Validatemethod
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sample preparation is avoided whenever possible (to ensure as far as possible that samples 
are unchanged before analysis) and so most samples for RP-HPLC are only diluted into 
the relevant mobile phase used in the separation method ready for injection (this ensures 
any solvent miss-matches between sample matrix and mobile phase are avoided which 
can be evident in chromatograms exhibiting peak asymmetry/split peaks etc). A variety 
of detectors are  used with HPLC systems including: UV/Visible, mass spectrometry, 
NMR spectrometry [3-5], fluorescence , electrochemical , refractive-index and many 
more [6]. The detector used depends on the separation goals and the physico-chemical 
properties of the analyte of interest. For instance, neutral compounds cannot be detected 
via mass spectrometry but can be visible under UV/Vis (often used in combination with 
MS for HPLC).  
           Once the sample properties and goals for the analysis have been considered,     
some preliminary separation conditions for the method can be applied. Table 1.1 
summarises fundamental experimental conditions that need to be considered for the initial 
method. In some cases, previously successful validated methods with similar goals can 
be used. The initial conditions might not be optimal but will be sufficient for a starting 
point for the method development. As shown in Table 1.1, a large number of parameters 
can be altered with different conditions to achieve the best separating conditions. For 
instance, the column dimensions, particle size and stationary phase material can each be 
changed. The mobile phase organic solvent, mobile phase ratio, isocratic or gradient 
elution mode, use of buffers and additives can also be altered depending on the goals of 
the method and samples investigated. Selecting the best optimal separating condition in 
HPLC method development can be both time and money consuming [7, 8]. For instance, 
Pfizer uses a series of screening experiments to identify the most suitable column 
(typically three to five phases) and approximate composition of the mobile which can 
subsequently be optimized to provide the best selectivity [9, 10]. 
An alternative approach of predicting optimal separation conditions is through predictive 
modelling programmes. There are several commercially available software packages for 
chromatography method development, optimisation and validation including: DryLab 
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Table 1.1. Experimental conditions that affect HPLC separation. 
Separation Variable Initial Conditions  
Column  
Dimensions (inner diameter and length) 2.1 mm x 50 mm or 4.6 mm x 250 mm 
Particle size 1.7 µm or 5 µm (depending on system) 
Stationary phase C18 or Phenyl or RP18 or HSS T3 
Mobile Phase  
Solvent A/B Water/acetonitrile 
%-B Isocratic or Gradient  
Buffer (compound, pH and concentration) Depending on samples properties 
Additives (e.g. ion-pair reagents, amines) 
Depending on samples properties (and not 
usually used for initial starting conditions) 
Flow rate Variable (mL/min) 
Temperature  40°C 
Sample Size  
Injection volume 5 µL 
Stock concentration ~0.5 mg/mL (variable) 
 
Drylab software is an example programme which can perform simple calculations (e.g. 
linear solvent strength predictions) based on experimental RP-HPLC data [16]. 
ChromSword is another commercially available software which combines both molecular 
structures and collected retention times to model retention [17]. Both programmes can be 
used to predict retention times of analytes under isocratic or linear gradient RP-HPLC 
methods [11, 12]. ChromGenius, an alternative predictive modelling software program 
has been used for a more efficient selection of the most optimal starting conditions for 
method development[18]. ChromGenius software similarly uses molecular structures and 
large databases of RP-HPLC retention times as the basis to predict, using built-in 
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Pfizer recently have been developing new quantitative structure retention time 
relationship models (QSRR) which currently outperform any commercial software 
available [19-27]. The predictive algorithms have been used even whilst still being refined 
and their application to support both selection of suitable starting conditions for RP-
HPLC method development but also for troubleshooting purposes have been clear. 
Specific examples of troubleshooting include the efficient proposal of the most likely 
structure responsible for new peaks arising during commercial manufacturing or on 
stability studies allowing rapid structural confirmation. This has been a significant 
efficiency saving as the usual process for identification of likely structures often involves 
synthetic chemist brainstorming followed by synthesis of structures posed and the final 
confirmation by a structural elucidation team.  
QSRR models are however not new. Introduced in the 1970s [28], QSRRS have gained 
significant attention for retention time prediction in various modes of HPLC. In QSRR 
studies, retention time observed in any HPLC experiment is related to molecular structure 
and the relationship is defined by numerical descriptions of the molecular structure. There 
are thousands of molecular descriptors available – many of which can be calculated 
(Dragon is a typically referred to calculation engine – [29]). To harness the most 
appropriate descriptors suitable for retention time prediction of any specific molecular 
structures, generally QSRR models are developed using a representative set of 
compounds (typically referred to as a training set of compounds) for which the retention 
times will be gathered experimentally. The most informative molecular descriptors 
(independent variables) can then be correlated with the retention times (dependent 
variables) using statistical significance as the selection strategy.  This then produces a 
mathematical model which can be tested with new molecular structures which have 
experimentally measured retention times (but which are not in the training set) to check 
the accuracy of the model.  
 
The thesis of this whole project was to test whether a new measure might bring some 
future way of providing additional molecular descriptors for improved insight into the 
interactions between molecule and stationary phase in HPLC. Most molecular descriptors 
used in chromatographic QSRR studies are related to the molecules themselves and 
chromatography is a complex dynamic situation wherein any one molecule in the column 
will have interactions with the stationary phase and mobile phase. The relative strength 
of each interaction determines the residence time of the analyte in the column and thus 
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being able to provide some insight on the molecule-stationary phase interactions might 
serve to enhance the prediction of the QSRR model in development.    
     The history and evolution of NMR spectroscopy is remarkably fascinating [30]. In 
1942, Cornelis Jacobus Gorter published an article [31] describing his attempt to obtain 
7Li NMR spectra of LiCl, LiF and other analytes. The reasons for the failure to this 
original experiments were that LiF had long longitudinal (T1) relaxation and low signal-
to-noise ratio available, which was confirmed by successful NMR experiments that were 
obtained 10 years later with one of Gorter’s original crystals [32]. Shortly after Gorter’s 
discovery, Isidor Isaac Rabi (Columbia University) described how to detect and measure 
magnetic moments of nuclei. He discovered that applying an oscillating magnetic field 
could perturb and flip the magnetic moment of a nuclei away from its principal axis [33]. 
This is when NMR spectroscopy was born. He was awarded the Nobel Prize in Physics 
in 1944 [34].  
             Towards the end of Second World War in 1945, Felix Bloch began experimental 
work on radar scattering and the theory of magnetrons. Expecting that their water samples 
have long T1 relaxation, Bloch went off to a ski trip to enable the system to return to 
equilibrium [35-37]. He later discovered that, in fact, the relaxation rate of water samples 
was only on the order of a few seconds or even shorter [32]. Soon after their successful 
experiments at Stanford, a very similar discovery was made at Harvard by Edward Mills 
Purcell and his co-workers [38, 39]. The work of both Bloch and Purcell was published 
in January 1946 and, 6 years later, they were both awarded the Nobel Prize for physics. 
This positive achievement in NMR experimental method development generated 
excitement for scientists and, as such, NMR now has a multitude of evolving applications 
in chemistry, biology, physics, geology and even medical diagnosis [40].  
     The fundamental theory of chemical shift [41-45] and indirect spin-spin coupling, or 
J coupling [46], was primarily developed in the early 1950s. Fourier transformed NMR 
(FT-NMR) spectroscopy was first introduced in 1966 [47]. This enabled the NMR 
spectrometers to compile the signals in the time domain. This discovery in NMR 
experimental methodology improved the signal-to-noise ratio of NMR spectroscopy. FT-
NMR spectroscopy opened new paths for exciting, novel techniques such as two- and 
three-dimension NMR experiments for molecular characterisation [48]. Consequently, 
Richard R. Ernst was awarded with a Nobel Prize for his remarkable contribution to FT-
NMR spectroscopy [49] in 1992.  
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     Yet one challenge that remained a mystery involved observing broad NMR lines for 
solid samples due to magnetic dipolar interactions and non-averaged anisotropic 
interactions. Brownian motion of liquid enables the anisotropic interactions to be 
averaged hence sharp lines are observed. Raymond Andrews and his colleagues 
developed a method which involved rotating the sample at a fixed angle (54.44°) about 
the applied magnetic field [50]. This technique drastically removed the anisotropic 
interactions in solid samples and was referred as “magic” by Gorter in the early 1960s 
[30]. Similarly, Irving Lowe also came up with the idea of spinning solids which led to 
the concept of magic angle spinning (MAS) [50-52]. MAS NMR spectroscopy is widely 
used in solid-state NMR with spinning speeds up to 150 kHz has been achieved and 
proven very informative in recent years [53, 54]. Although MAS was a huge breakthrough 
in solid state NMR, the low signal sensitivity of low abundance nuclei (e.g. 13C or 15N) 
remained a challenge. The combination of a concept developed by Hartmann Hahn [55] 
in 1962 and MAS created the heavily used technique known as cross polarization [56] 
(CP-MAS) method [56]. The CP-MAS technique was and is effective for observing high 
resolution solid-state spectra of low sensitivity and abundance nuclei.  
     MAS NMR spectroscopy applications are not only limited to solid samples but also 
benefit solution and heterogeneous samples. In the mid-90’s it was discovered that MAS 
NMR technique improved the resolution of solution and heterogeneous samples [57-60] 
by averaging the dipolar coupling and magnetic susceptibility in the samples [61]. This 
novel technique is known as High-Resolution Magic Angle Spinning NMR (HR-MAS 
NMR). Over the years, the principal application to date for 1H HR-MAS technique has 
largely been used for the profiling of biological tissues [62, 63] and inorganic solids [64, 
65].  Importantly, in the context of the current work, (1H) HR-MAS NMR has previously 
been used to investigate and characterise the separation behaviour in RP-HPLC. Similar 
experimental conditions of RP-HPLC can be achieved using 1H HR-MAS NMR. An 
advantage of 1H HR-MAS is that well resolved spectra of heterogenous samples 
consisting of RP-HPLC stationary phase, mobile and analytes can be obtained.  
In the mid-90’s, a 1H HR-MAS spectra of an attached organic solvent to a solid-phase 
synthesis beads was published by Fitch et al. [66] followed by several articles on the topic 
in the subsequent years [57, 67, 68]. Combined 13C and 29Si CP/MAS NMR experiments 
were very successful for detailed characterisation of silica surfaces and bonded phase [69, 
70]. One of the first solid-state NMR spectra of reversed phase materials was published 
in the early 1980s by Maciel et al. [71]. 29Si CP/MAS NMR was used to characterise 
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silica surfaces by examining the surface chemistry of various reversed phase materials 
[70, 72-75].  
     Alongside 19Si CP/MAS NMR investigations, 13C CP/MAS NMR was also used to 
gain further information of the structural and conformational order of immobilised 
monofunctional C8, C18 and C30 ligands [72, 76, 77]. The signal assignment was 
achieved by similar NMR studies of polyethylene [78] and nonporous silica materials 
[79]. Additionally, temperature [77, 80, 81] and solvent influence [70, 82-88] on RP 
materials was also reported using 13C and 29Si CP/MAS. Despite the success of CP/MAS 
NMR for characterising silica surface, the information obtained using this technique is 
often not quantitative [69]. 
     In the 1980s, the molecular mobility of the RP materials via the determination of spin-
lattice relaxation T1 was achieved [87, 89, 90]. The idea of using 1H HR-MAS NMR T1 
relaxation measurements for obtaining a quantitative measure to characterise the 
interaction behaviour of silica materials was explored by Klaus Albert [91-93]. Coen et 
al. similarly probed the molecular dynamics of RP materials by using 1H HR-MAS NMR 
T1 and T2 relaxation measurements [94, 95]. They first investigated the water 
environments with a C18 bounded silica phase using 1H HR-MAS NMR. Due to the 
impressive well-resolved spectra obtained in the 1H HR-MAS NMR spectra, two sets of 
peaks were observed. Sharp peaks of water (free) and corresponding broad peaks (bound) 
were also observed. The broad peaks represent the water molecules in a more motionally 
restricted environment than the sharp resonances. This suggests the water molecules are 
bound to the silica surface (e.g. free silanols) [94]. Thanks to the high resolution obtained 
using this technique, site specific 1H HR-MAS NMR relaxation can be obtained as 
proposed by Coen et al. [95]. As an alternative approach diffusion-ordered spectroscopy 
(DOSY) was also used to stimulate the HPLC retention behaviour. Caldarelli et al. [96-
100] and others [97, 101-103] demonstrated a huge success using DOSY experiments for 
NMR chromatography. Even though DOSY experiments are successful in recent years, 
this technique does not provide site specific contribution to the retention mechanism and 
requires some specialised instrumentation and expertise. 
Even though several very specific studies has been accomplished in this area, a systematic 
study of multiple samples with various experimental conditions still remains a mystery.  
The thesis of this body of work was to test whether 1H HR-MAS NMR spin-lattice (T1) 
and spin-spin (T2) relaxation measurements would bring some improved insight into the 
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interactions between molecule and stationary phase in RP-HPLC. To do this,  a carefully 
selected series of molecules, mobile phases and five different RP-HPLC stationary phases 
(BEH-C18, BEH-phenyl, BEH-RP18, CSH-phenyl and HSS T3) were investigated. NMR 
relaxation measurements provide vital information about the molecular dynamics and 
therefore the strength of interaction.  
     This thesis is divided into several Chapters: the history and theory of RP-HPLC 
method development is covered in Chapter 2. The fundamental theory of NMR 
spectroscopy and NMR relaxation is shortly outlined in Chapter 3 and 4. Chapters 5-9 
summarize the results acquired in this study. Chapter 5 proposes a systematic 1H HR-
MAS NMR method development, (6) NMR spectroscopy, Raman spectroscopy and 
atomic force microscopy is used to characterise and probe the morphology of five RP 
stationary phases (7) approaches of expressing T1 and T2 relaxation, (8) illustrates the 
elaborated 1H HR-MAS relaxation measurements in comparison to acquired HPLC 
retention times and (9) a comparison between NMR relaxation, experimental and 
predicted RP-HPLC retention behaviour of a series of compounds, mobile phases and 
stationary phases. 
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2 REVERSED PHASE HPLC 
In this chapter, the origin, retention mechanism, intermolecular interactions, resolution 
and method development of reversed phase (RP) HPLC is covered. The content of this 
chapter is based upon several sources:[104] Snyder, L.R., J.J. Kirkland, and J.W. Dolan, 
Introduction to modern liquid chromatography. 2011: John Wiley & Sons; [1] Snyder, 
L.R., J.J. Kirkland, and J.L. Glajch, Practical HPLC method development. 2012: John 
Wiley & Sons; [105] Cazes, J. and R.P. Scott, Chromatography theory. Vol. 88. 2002: 
CRC Press; [106] Hanai, T., HPLC: a practical guide. Vol. 6. 1999: Royal Society of 
Chemistry; [107] Meyer, V.R., Practical high-performance liquid chromatography. 2013: 
John Wiley & Sons and various journals that are referenced throughout.  
 
2.1 The origin of chromatography  
Whilst the studies of Runge [108], Day [109] and Tsweet [110] were not considered 
significant at the time (1855-1903) their initial ideas would form the basis of the discovery 
of chromatography in the early 1930s, when the work of Tsweet was finally revisited by 
Kuhn and Lederer [111, 112], leading to subsequent fast developments in 
chromatography. A.J.P Martin and his co-workers made major contribution to liquid-
liquid chromatography through invention of paper chromatography [113] and 
development of thin-layer chromatography[114] between the 1930s and mid 1950s. In 
the late 1950s, the amino-acid analyser was invented, which had the ability to analyse a 
mixture of amino acids via ion-exchange chromatography [115]. This technique was a 
fundamental precursor for the development of HPLC. Shortly after, Moore [116] invented 
gel permeation chromatography followed by a publication of a gel-permeation 
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chromatography by Waters Associates [117]. Both ion-exchange and gel permeation 
chromatography techniques were the precursor of HPLC development as they share very 
similar system set up.  
 
Both techniques involve the pumping of solvents at high pressure through a reusable 
column; the column eluent is monitored via a selected detector which finally generates a 
chromatogram. However, each technique was limited to analysing a specific type of 
samples. The research groups of both Csaba Horváth and Josef Huber investigated the 
development of a multi-purpose HPLC system. Research groups and other scientists 
published their findings between 1966 to 1968 [118-121]. In the late 1960s, commercially 
available HPLC systems were first introduced by Waters Associates and DuPont which 
initially dominated the market. Consequently, several companies took interest in 
providing similar equipment and thus HPLC research became of interest.  Furthermore, 
the first HPLC books were published in 1971 [122, 123]. Major developments in HPLC 
took place between 1960 and 2010.  Some of the HPLC development involved drastic 
reduction of retention time, smaller particle size of the stationary phase and discovery of 
column materials with different supporting material and ligand groups for selectivity. 
However, the fundamental theory of HPLC development was proposed by Martin [124] 
in 1941 by suggesting that enhanced column efficiency can be obtained by using smaller 
particle size and high pressure across the column [104].  
 
A decade later, Martin invented gas chromatography [125] (GC) which led to several 
theoretical findings[126, 127] which had a fundamental impact for the underlying theory 
of HPLC development. In early 1960, Giddings extended these theoretical studies to 
develop more specified applications of HPLC. This work proved to be crucial for the 
evolution of column efficiency and HPLC experimental method development which is 
now heavily used across the globe. Herein, only a very short but concise summary of the 
history and development in chromatography has been covered. More detailed 
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2.2 HPLC Chromatography Process 
 
 
Figure 2.1. Schematic of HPLC system 
 
An illustration of a typical HPLC system is shown in Figure 2.1. The arrows illustrate the 
flow of the solvent which is stored in the solvent reservoir and migrates to the detector. 
The solvent in HPLC is referred to as the mobile phase of the system. Once the sample is 
injected (usually very small amounts 1 to 20 µL), the chromatography process takes place 
in the column. The column is the stainless steel vessel into which the stationary phase 
slurry is packed. Once the samples leave the column, they are observed via a detector 
most frequently ultraviolet absorption (UV) coupled with mass spectrometer (MS). The 
mode of separation is determined by the column and mobile phase used in the system. 
Throughout this study, reversed-phase HPLC (RP-HPLC) is used unless stated otherwise. 
This involves the use of a nonpolar column (e.g. C18) and a polar mobile phase which 
consist of water and an organic solvent (e.g. acetonitrile). The mobile phase can be 
pumped through the column in various elution methods depending on the complexity of 
the sample requiring separation. For example,  isocratic elution is a method whereby the 
composition of the mobile phase is kept constant throughout the run while  gradient 
elution provides a method by which the mobile phase composition can be varied 
throughout the run and here the aqueous and organic components can be mixed via a 
mixing and proportionating valve in the pump and programmed to vary across the whole 
chromatographic analysis in a linear or indeed non-linear fashion. The stationary phase 
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plays a fundamental role in RP-HPLC as this is predominantly where separation takes 
place. 
 
Figure 2.2. HPLC Column packed with porous particles. (a) Column packed with 
spherical particles, (b) schematic of an individual particle, showing an idealised pore with 
attached C18 chains, (c) picture of a spherical, porous particle, showing detail (10x 
expansion). Adapted from [104].  
The column is a cylindrical tube typically packed with small particles (usually 1.7 to 5 
µm in diameter and typically spherical) (Figure 2.2a and 2.3). These particles are typically 
made of porous silica (illustrated in Figure 2.2b).  
 
Figure 2.3. SEM images of the 3.6 µm core-shell Aeris WP C18 (A) and 1.7 µm stationary 
phase BEH300 C18. Adapted from [130, 131].  
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The inside of each pore is covered with the stationary phase ligand functional groups (in 
this case C18 groups are bounded onto the silica particles) for selectively. Since most of 
the surface of the particle is contained within these pores, most of the analyte molecules 
are retained inside the particle rather than its surface. Additionally, the internal surface of 
the pores forms approximately 99% of the total surface area of the particle. The external 
surface area (effect on separation) is in most cases considered to be negligible [104]. 
Even though retention is mainly controlled by the bonded ligand functional group and 
mobile phase chemistry, the surface area of the packing material also plays a crucial role. 
The surface area available is dependent on the pore size of the particle packed into the 
column. The pore size is of the particle is selected so that the analyte molecules can easily 
access the pores. The surface area of a particle is inversely proportional to the pore 
diameter [132]. For instance, a 3-µm particle with a 100 Å pore column will have 
approximately three times the surface area as a 3-µm particle, 300 Å pore column. 
Typically, particles pores with 100-150 Å are used to analyse small molecules and 
peptides while ≥300 Å pore size particles are used to separate proteins [133]. The analyte 
molecules can enter the particle pores via diffusion (there is usually no significant flow 
of mobile phase through the particle). 
 
The elution order and retention time of a mixture of analytes is determined by the column 
as illustrated in Figure 2.4. Figure 2.4 shows a modelled separation of three aromatic 
compounds through a BEH-C18 column. For simplicity, the three analytes are 
represented as: ⨁ for toluene, ⊡ for naphthalene and • for biphenyl. The molecules of 
the mobile phase which leaves the column is known as the solvent front and is represented 
by x. Initially, the mixture is carried through the column by the mobile phase in 
consecutive steps (see Figure 2.4). Finally, the analyte leaves the column resulting in a 
change in the plot of the detector response against time. This is known as the 
chromatogram as shown in Figure 2.4. The intensities on the chromatograph are referred 
to as peaks. Each peak is characterised by the time each analyte leaves the column which 
is known as the retention time, tR. At this point, the mixture has been separated. The 
different speed at which each analyte migrates through the column defines 
chromatography. As illustrated in Figure 2.4, toluene (tR = 2) leaves the column followed 
by naphthalene (tR = 4) and biphenyl (tR = 6). This suggests, toluene moves through 
column the fastest, which indicates it is the least retained among the three analytes. The 
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next sections in this chapter cover several components of a HPLC system and the 
retention mechanisms in RP-HPLC. 
 
Figure 2.4. Modelled separation process in HPLC of a mobile phase (x), toluene (⨁), 
naphthalene () and biphenyl (•) with a corresponding chromatogram. 
2.3  RP-HPLC Retention  
The time it takes an analyte to travel through the column to the detector is known as the 
retention time, tR.  As shown in Figure 2.4, the modelled retention time of toluene, 
naphthalene and biphenyl are 2, 4 and 6 minutes respectively. The retention time of the 
solvent (solvent front) is 1 minute which is known as the column dead time t0. This dead 
time essentially represents the time taken for a molecule which has ‘zero’ interactions 
with the stationary or mobile phase to travel from the point of injection to the detector. 
The velocity ua at which toluene (a) flows through the column  can be expressed as: 
 78 = 	97 (2.1) 
where 7 is velocity of solvent molecules and R is the fraction of toluene’s molecules in 
the mobile phase.  
Figure 2.5 illustrate the equilibrium distribution of toluene and naphthalene between the 
stationary phase and mobile phase. From Figure 2.5, R of toluene’s molecules in the 
mobile phase can be determined by the equilibrium process:  
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 :;<7=>=	?;<=@7<=A	B>	CD ⇔ :;<7=>=	?;<=@7<=A	B>	FD (2.2) 
where MP and SP represents mobile and stationary phase respectively. As shown in 
Figure 2.5, the molecules of toluene have a higher number of molecules in the mobile 
phase compared to the stationary phase pores, however naphthalene have a larger number 
of molecules present in the stationary phase compared to mobile which suggest 
naphthalene is retained longer compared to toluene. Due to the equilibrium process of 
naphthalene, naphthalene migrates more slowly through the column than toluene, as 
illustrated in Figure 2.5. However, the migration rate of an analyte is dependent on, the 
physic-chemical properties of the analyte together with the chemical characteristics of the 
mobile and stationary phases as well as the temperature of the system.  
 
Figure 2.5. Illustration of the equilibrium distribution and migration rates of toluene (⨁), 
naphthalene () between a mobile phase and BEH-C18 stationary phase. 
2.4 Column dead-time (t0) and retention factor (k) 
 
The retention factor of an analyte is defined as the amount of solute present in the 
stationary phase (s), divided by the amount of solute in the mobile phase (m). The quantity 
of the solute in each environment is equal to its concentration (Cs or Cm respectively) 
multiplied by the volume of the phase (Vs or Vm respectively) which equates to: 
 G = 	 HIJIHKJK = 	HI HK	L × JI JKL  (2.3) 
 = NΨ (2.4) 
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where K = (Cs/Cm) is the equilibrium constant which is expressed in terms of the 
concentration of the analyte in the stationary phase (Cs) and mobile phase (Cm), and Ψ	= 
(Vs/Vm) is known as phase ratio (ratio of SP and MP in the column) [117]. The retention 
factor plays a major role for each peak observed in chromatography and furthermore 
enables us to improve the resolution and quality of the separation. Some solute molecules 
are either present in the MP or SP so that if the quantity of solute molecules in MP is 
defined R, the quantity of solutes present in the SP = 1 – R. Equation 2.3 can be expressed 
as: 
 G = 	1 − 99  (2.5) 
 9 = 	 11 + G (2.6) 
The retention time of toluene (a) can be expressed as the distance travelled divided by 
its speed (ua) such as: 
 :S = 	 T78 (2.7) 
where L is the column length which varies depending on the dimensions of column 
used. The solvent front can also be expressed as: 
 :U = 	 T7 (2.8) 
Both equation 2.7 and 2.8 can be combined to give: 
 :S = 	 :U778  (2.9) 
Recalling equation 2.1 (R = ua/u), equation 2.9 can be rewritten as: 
 :S = 	 :U(1 + G) (2.10) 
Equation 2.10 can be rewritten in terms of the mobile phase flow (F) and retention 
volume VR = tRF such as: 
 JS = 	JK(1 + G) (2.11) 
where Vm is column dead volume = t0F. Equation 2.10 can be rearranged as: 
 G = 	 :S −	:U:U  (2.12) 
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Equation 2.12 enables us to determine the retention factor of each peak observed in a 
chromatograph. However, to determine this retention factor of an analyte, the solvent 
front must be determined which is usually observed in the early parts of the 
chromatogram.  
2.5 RP-HPLC resolution  
As previously mentioned, RP-HPLC method development is the process of selecting the 
optimal separating conditions to achieve the desired goals of separation [134]. The 
separation of two peaks (e.g. i and j) can be expressed in terms of their resolution (Rs) 
such as:  
 9I = 	2Y:S(Z) − :S([)\][ +]Z 	 (2.13) 
Where :S([) and :S(Z)are the retention time of peak	B and ^ respectively. Additionally, ][ 
and ]Z  are the baseline width of peak B  and ^  respectively. Better separation (higher 
resolution) is achieved with larger difference in retention time and narrow peak width. 
The essential role of HPLC method development is to achieve the best separation and 
resolution of every compound in a mixture. Generally, if two or more compounds are 
analysed, a Rs ³2 is expected. Alternatively, RP-HPLC Rs can be approximately expressed 
as:  
 9I = 	 _14a	b G(1 + G)cdefeg(8) 	(h − 1)defeg(i) 	√kl(m)  (2.14) 
where k is the retention factor (term a), a is the separation factor (term b) and N is the 
column efficiency (term c)[135]. The retention factor is the ratio of the analyte retention 
time on the column to the retention time of a non-retained compound. The column 
efficiency also known as the number of theoretical plates is a measure of the dispersion 
of the analyte band as it goes through the HPLC system and column which indicates the 
column performance [136-138]. The separation factor is also referred to as the separation 
selectivity is the ability of the chromatographic system to chemically differentiate 
between sample components [138, 139] and can be expressed as:  
 h = 	GZG[ (2.15) 
where GZ	and G[  are the retention factor of peak B  and ^  respectively. Each term in 
equation 2.14 can be varied to improve the final resolution of the chromatogram. 
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However, the separation factor (term b) by far provides the greatest effect on the final 
resolution achieved. Furthermore, the Purnell equation [140, 141] is commonly used to 
determine the Rs between two peaks: 
 9I = √k4 	_h − 1h a _ G(1 + G)a (2.16) 
To achieve the optimal separating RP-HPLC conditions, several experimental parameters 
must be systematically varied to achieve the separation goals of the method (see Table 
2.1). This process can be divided into 4 stages. Initially, a column is carefully selected 
which is most likely to separate the compounds. Secondly, the organic solvent (%B) 
percentage is varied to an appropriate range. A flow rate is also chosen according to the 
column properties (e.g. column length, diameter and stationary particle size). Finally, a 
running time which is sufficiently long enough to allow all the analytes to elute must be 
used.  
2.5.1 Optimising the retention factor (k)   
 
The retention factor (term a of equation 2.14) of analytes in RP-HPLC chromatography 
can be altered by changing the organic solvent percentage (solvent B%). The first step of 
achieving a good retention factor is by setting the running times not too long or too short. 
The overall aim is to set a running time where all the analytes elute with sharp and narrow 
peaks (good resolution). This step during method development can be challenging when 
dealing with bulky and ionisable analytes. The running time must be chosen wisely to 
reduce running time of large set of samples. Additionally, in some cases some analytes 
do not elute after long running times in isocratic mode. Therefore, steep gradient elution 
can be used to elute the analytes with shorter running times. As previously mentioned, 
the effect of the organic solvent percentage in RP-HPLC retention [142-144] can be 
expressed as:  
 log G = log Gq − F∅ (2.17) 
Initially, a high percentage of the organic solvent can be used (90% or 80%) to ensure 
all the analytes are eluted. This percentage can gradually be reduced until desirable 
(~50%). As a rule of thumb, it is not suitable to change the organic solvent by more than 
30% between different experiments.   
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2.5.2 Optimising selectivity (a)   
 
When the separation needs additional improvement, the method selectivity (term b of 
equation 2.14) is adjusted to obtain a better separation. Several experimental conditions 
proposed in Table 2.1 can be adjusted to optimise the selectivity of the method including 
the %B, the chosen solvent B (generally acetonitrile or methanol), temperature, column 
type, mobile phase pH, buffer concentration and additive ion-pair reagents. However, 
changes to these experimental conditions can also affect the retention factor. Hence, this 
needs to be taken into consideration. Similarly, to optimise the retention factor, the 
organic solvent percentage is varied. This is then followed by a change in temperature 
until good peak shapes and resolution is obtained. 
 
2.5.3 Optimizing the column plate number (N) 
 
2.5.3.1 Column properties   
 
Once a good peak separation and resolution is achieved, the method can be optimised 
further by varying the column properties (e.g. column length, flow rate, particle size). A 
change in such column properties can either increase or reduce the number of theoretical 
plates N (equation 2.18).  
 k = 16 _:t]au (2.18) 
Where tr is the retention time and W is the peak width. Under isocratic conditions, a 
change in column properties will not affect either peak retention or spacing (k and a). 
Therefore, previous suggested optimised parameter will not be affected by a change in 
column properties. As a rule of thumb, an increase in N increases the resolution of the 
chromatogram at the expense of longer running times. Conversely, a reduction in N 
reduces the running time of the experiments. Since the running time is proportional to the 
column length/flow rate, running times increases uniformly with increased column length 
or a reduction in flow rate. However, the column length, flow rate and particle size need 
to be carefully selected to achieve a reasonable running time. Furthermore, N can be 
increased with larger column particle size. In recent years, small column particle (e.g. 1.7 
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µm) have been favoured over the commonly used 5 µm column particle size for faster 
analysis. 
 
2.5.3.2 Fast HPLC 
 
RP-HPLC separation of a series of analytes can be achieved in couple of minutes with an 
adequate optimised method. Once the k and a are fully optimised, the resolution and 
running time can then be optimised by N. Additionally reduction of running times can be 
achieved without affecting the N by using ultra-high pressure RP-HPLC, higher 
temperature and specially designed column particles.  
2.5.3.3 Ultra-high pressure 
 
Conventional HPLC systems run at a maximum of 6000 psi or 400 bar. Ultra-high 
pressure liquid chromatography or U-HPLC can exceed pressures of 6000 psi which 
yields shorter running times[145, 146]. U-HPLC can reduce running times by 2 to 6 folds 
in some cases [119]. Even though U-HPLC enables a reduction to the experimental 
running time, this comes with a cost; the mobile phase viscosity increases with an increase 
in pressure. Due to the viscosity of the mobile phase through the packed stationary phase, 
the internal temperature of the column potentially fluctuates which consequently affects 
k, a and N [147]. Thus, U-HPLC systems can further complicate the method 
development.  
2.5.3.4 High temperature 
 
RP-HPLC analyses usually operate between room temperature and 50 °C, however some 
experiments have proven possible at extremely high temperatures above 100 °C. Using 
extremely high temperatures enables a shortened experimental running time, sometimes 
improving resolution and therefore increasing the N [148-151]. As far as the optimised 
column length, particle size and flow are carefully selected, an increase in a temperature 
will improve N. Furthermore, an increase in temperature reduces the mobile phase 
viscosity and increases the solute diffusion coefficient (Dm). A lowering of mobile phase 
viscosity enables higher flow rates for the same pressure [104]. Subsequently, an increase 
in temperature shortens the running time while keeping N the same and vice versa.  
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Even though using higher temperatures has proven to be advantageous, this technique can 
lead to a few complications. Using high temperatures can lead to sample degradation and 
temperature gradients can be caused by using higher temperatures [152, 153]. 
Temperature gradients can be minimised by using narrower diameter columns, which 
enables faster system equilibration to be achieved or by careful use of extra system 
heating components pre and post column to remove temperature gradients.  Additionally, 
at higher temperatures, columns stability can be affected especially under extreme pH 
conditions.  
 
2.5.3.5 Specially designed column particles 
 
Several column designs are commercially available including column particles with either 
pellicular or shell particles design. These particles of special designs have proven useful 
for selectively separating large or small analytes and which are robust at high flow rates 
[154].  
 
2.6 HPLC experimental parameters and effect on separation  
 
Table 2.1 shows the effect of varying various conditions to control the retention (k) 
behaviour of an analyte and more specifically control the separation selectivity (a) or 
column efficiency (N). 
 
2.6.1 Mobile phase 
 
In RP-HPLC, the mobile phase is made of a mixture of water or aqueous buffer (solvent 
A) and an organic solvent (solvent B) such as acetonitrile, methanol etc [155]. Other 
organic solvents such as isopropanol (IPA) and tetrahydrofuran (THF) are less frequently 
used. Ideally, the organic solvents need to be water-miscible, non-viscous, stable under a 
range of conditions, transparent and commercially available at reasonable cost.  
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Table 2.1. Effect of different experimental conditions on the retention (k), selectivity (a) 
and column efficiency (N)[104]. 
Condition k a N 
Organic solvent (acetonitrile, methanol etc.) + ++* - 
Organic solvent strength ++* +* - 
Temperature + +* + 
Colum chemistry (C18, phenyl etc.) + ++* - 
Mobile phase pHa ++ ++* + 
Buffer concentrationa + + - 
Ion-pair-reagent concentrationa ++ ++* + 
Column length (L) 0 0 ++* 
Column particle size 0 0 ++* 
Flow rate 0 0 +* 
Pressure - - +* 
where; ++ indicates major effect, + minor effect, - relatively small effect and 0 no effect. 
a indicate condition that primarily affects ionisable analytes (acids and bases). * indicates 
the experimental conditions that predominantly dominates the k, a and N respectively. 
For example, the organic solvent or column chemistry is varied to control a while 
pressure is varied to only control N. 
 
2.6.2 Organic solvent strength 
 
The retention in RP-HPLC is dependent on the percentage of organic solvent (solvent 
B) in the mobile phase as:  
 log G = log Gq − F∅ (2.19) 
where Gq is the value of k with 0% of solvent B, S is a constant for a given analyte when 
only solvent B is varied and ∅ is the volume ratio of solvent B in the mobile phase. As 
the ratio of the organic solvent (solvent B) is increased, the analytes retention is reduced 
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and hence elute faster. A mobile phase which provides small retention times (higher 
solvent B%) is referred to a strong mobile phase [119, 120]. Furthermore, a mobile phase 
with higher water percentage is known as a weak mobile phase. An increase of 10% of 
organic solvent usually reduces the retention times by a factor of 2 to 3 [121, 122]. The 
final percentage of solvent B must be carefully selected to obtain suitable separation and 
retention within the series of analytes. 
 
2.6.3 Column chemistry 
 
Typically, a non-polar stationary phase (e.g. BEH-C18) and polar (water containing) 
mobile phases are used in RP-HPLC. Polar analytes will interact more with polar mobile 
phases and thus, will be eluted quicker (larger R and shorter k), while non-polar analytes 
will interact strongly with the stationary phase and hence will be retained longer (smaller 
R and longer k). 
 
Figure 2.6.  Illustration of hydrophobic interactions and hydrogen bonding interactions. 
Figure 2.6 illustrates hydrophobic interactions that could occur between a nonpolar 
analyte and stationary phase and hydrogen bonding within a polar mobile phase and polar 
analyte. The “column chemistry” plays a fundamental role in RP-HPLC selectivity. 
Hence, the stationary phase must be carefully selected for the appropriate goal of 
separation. Several column parameters should be taken into consideration for selecting 
the optimal column. Table 2.2 illustrates a few reversed phase stationary phases with their 
hydrophobicity properties. Most of these reversed phase stationary phases can be 
prepared by anchoring different organic moieties to substrates, generally mono-, di- or 
trifunctional (see Figure 2.7) silanes to silica, under specific reaction conditions [73, 156-
165]. This can lead to a network of structural elements at the surface of the stationary 
phases which influences the separation process [73, 161, 165, 166]. 
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Table 2.2. Commonly used RP-HPLC stationary phases with hydrophobicity properties. 









Figure 2.7.  Structure illustration of (a) monomeric C18 and (b) polymeric C18 









are retained  
longer 
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2.6.4 Particle shape 
 
There are two main types of basic silica particle shapes available; spherical and irregular. 
Irregular shaped silica is cheaper because of poor column packing which leads to less 
homogeneity and worsened resolution. Furthermore, the use of high flow and pressure 
rates can disintegrate the column materials into fine particles which can eventually block 
the system. Thus, spherical shaped column particles are generally used in RP-HPLC. 
Typically, the particle shape is determined by scanning electron microscopy. Figure 2.8 
demonstrates irregular and spherical shaped silica columns [168, 169].  
 
 
Figure 2.8. SEMs of (a) PXS PAC column and (b) Brownlee RP-18 column. Adapted 
from [168]. 
 
2.6.5 Particle size 
 
Particle size refers to the average diameter of the column packing material. Reducing the 
particle size’s diameter increases the ability for faster analyses. However, using smaller 
particle size diameter increases the back pressure in the system. However, the particle 
size cannot be defined as a single value but as a distribution of particles over a wide range 
sizes [170]. Most HPLC packing materials have a Gaussian particle size distribution 
where the position of the maximum is the mean particle diameter and the standard 
deviation represents the distribution width [171-174]. Smaller particle size distribution 
leads to uniform column packing and therefore better separation efficiency. However, 
small particles (fines less than 1 µm) leads to the column frit clogging which in turns rises 
the column back pressure [175-177]. The particle size and distribution can be acquired 
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using several analytical techniques including electron microscopy [168, 178, 179] and 
laser diffraction [180]. Figure 2.9 illustrates the particle size distribution of RP18 columns 
[178, 181].  
 
Figure 2.9.  Particle size distributions of 2.7 µm particles (very narrow distribution) 
compared to 3 µm totally porous particle. Adapted from [178, 181]. 
 
2.6.6 Pore size  
 
Pore sizes of stationary phases are proportional to the hydrodynamic volume of the 
analyte molecule. Larger pores enable larger molecules to access the bounded ligand 
within the pores of the stationary phase where the maximum separation takes place. Pore 
sizes of 150 Å are used to retain small molecules. 300 Å or larger pore sizes are used to 
retain larger molecular weight compounds (>2000 Da). Generally, the pore sizes should 
be three times the hydrodynamic diameter of the molecule to enable easy access to the 
pores [129]. Additionally, the stationary phase pore sizes provided by the manufacturers 
is the diameter corresponding to the maximum of the pore size distribution curve, 
acquired from the adsorption branch of nitrogen isotherm [177]. The pore size distribution 
of several HPLC stationary phases can vary considerably as illustrated in Figure 2.10.   
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Figure 2.10. Pore size distribution of various HPLC materials. Adapted from [177]. 
 
2.6.7 Surface area 
 
The surface area can affect several chromatographic parameters and the efficiency of the 
column. Columns with higher surface area tend to have better retention, capacity and 
resolution. In comparison, smaller surface area columns can equilibrate quicker which is 
very useful for gradient elution experiment.  
BET (Brunauer, Emmett and Teller) nitrogen or argon adsorption/desorption 
measurements [182, 183] are commonly used to determine the surface area of HPLC 
stationary phases based on the multilayer adsorption of nitrogen at the boiling temperature 
of liquid nitrogen (77 K). There are several variation of BET theory available and 
different instrumental approaches to determination of nitrogen isotherms [184]. A typical 
nitrogen absorption isotherm is displayed in Figure 2.11 [177]. The region between 0.05 
and 0.25 of relative pressure is known as the monolayer capacity (nm) which is the amount 
of nitrogen molecules absorbed onto the sample surface in a monolayer approach and 
where the BET theory is valid. The BET equation illustrates the dependence of the amount 
of absorbed nitrogen as a function of relative equilibrium pressure (p/p0): 
 
vvU> w1 − vvUx = 1>KH + (H − 1)>KH vvU (2.20) 
where >K is the monolayer capacity, H is energetic constant of nitrogen interaction with 
the surface, v/vU is the relative equilibrium pressure and > amount of adsorbed [177]. 
Figure 2.11 demonstrates the dependence of the amount of nitrogen adsorbed onto the 
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sample surface against the relative pressure. The surface area of the sample is calculated 
by the product of the total amount of nitrogen in the monolayer and the nitrogen molecular 
area (16.4 Å2). This is with the assumption that a nitrogen molecule occupies 16.4 Å2 
[177, 185] on the silica surface. 
 
 
Figure 2.11. Nitrogen adsorption isotherm: 1, adsorption branch: 2, desorption branch. 
Adapted from [177]. 
 
2.6.8 Pore volume  
 
The pore volume of the columns considers the pore size and the number of pores in the 
stationary phase. The pore volume of different stationary phases is usually similar. From 
Figure 2.11, above 0.7 there is a fast increase of adsorbed amount of nitrogen. This is due 
to the capillary condensation of nitrogen inside the adsorbent pores. The amount of 
adsorbed nitrogen increases until the pore volume is completely filled with liquid 
nitrogen. The small flat section (amax) indicates all the pores are filled and therefore 
relative equilibrium pressure approaches the saturation pressure. This flat section can be 
used to determine the adsorbent pore volume:  
Jyz{| = J} ~K8D9Ä  (2.21) 
where Jyz{| is the pore volume, J} is the molar volume of liquid nitrogen (34.7 mL/mol), ~K8is the maximum amount of nitrogen in the pores expressed in mL at 1 atm and 25 
°C, D is the pressure (1 atm), 9 is the gas constant (0.082 }∙8ÑKÖ∙KzÜ) and Ä is the temperature 
at 298 K [177]. Furthermore, the desorption branch of Figure 2.11 is generally used to 
determine the pore size distribution of the adsorbent [177].  
 
Chapter 2: Reversed Phase HPLC 
Azzedine A. Dabo - April 2019    29 
2.6.9 pH range  
 
The pH range indicates the pH values at which the column can operate without damaging 
the stationary phase. The pH range of the columns is crucial for the separation of 
compounds which can be ionised and needs to be kept under a controlled pH by using 
buffer solution. Traditional bare silica is robust within pH values of 2.5 to 7.5. More 
recently, a variety of stationary phases have been manufactured with larger pH ranges.  
 
2.6.10 Mobile phase pH and buffer concentration  
The functional groups of analytes are fundamental for the retention properties of RP-
HPLC. Polar (less hydrophobic) functional groups such as –NHCHO, CH2OH or –OH 
will have shorter retention times in comparison to less polar (more hydrophobic) groups 
such as methyl and ethyl moieties. Acids and bases can easily be ionized in RP-HPLC 
and therefore have little or no retention [186, 187]. The pH of the mobile phase can be 
altered by using additives and buffers to increase the retention properties of such ionised 
analytes. The Henderson-Hasselbalch [188, 189] equation is generally used to calculate 
the pH of a system using the pKa of acidic species in the solution such as:  
 áà	 Öâ⇔	àä +	áãåç (2.22) 
 N8 = 	 [áãåç][àä][áà]  (2.23) 
 <;êëUN8 = 	 <;êëU[áãåç] +	 <;êëU [àä][áà] (2.24) 
 −vN8 = 	−vá +	<;êëU [à_][áà] (2.25) 
 vá = vN8 +	<;êëU [àä][áà] (2.26) 
Buffers in RP-HPLC are generally used for either acids and bases which must maintain a 
constant pH to achieve reproducible retention times during the separation process. 
Measuring the pH of a mobile phase with the presence of the organic solvent leads to 
irreproducible measurements because the electrode response tends to drift for the organic-
water mobile phase. Thus, the pH of buffers is generally measured in solvent A only 
(water content) prior to the addition of the selected organic solvent. Even though the final 
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pH of the final mobile phase could be slightly different, this small difference in pH is 
insignificant in RP-HPLC [190]. Several buffer properties need to be taken into 
consideration in RP-HPLC such as:  
• buffer pH range and pKa 
• solubility  
• UV absorbance (when UV detector is used) 
• volatility (when mass spectrometric detector is used)  
• ion-pairing properties 
• stability and compatibility with system 
For buffers to maintain a controlled and stable pH, this depends on a few factors such 
as:  
• buffer concentration  
• pKa of the buffer  
• pH of mobile phase  
Buffer capacity can be described as the efficiency of a buffer to resist small changes to 
pH. The buffer capacity (b) can be expressed in terms of the amount of strong acid and 
base (in grams) which is required to change 1 litre buffer solution by 1 pH unit [191]: 
 ì = 	 ∆ï∆vá (2.27) 
where ∆ï is weight of strong acid or base to change the pH of 1 litre of buffer solution 
by 1 pH unit and ∆vá is the change of pH caused by added strong acid or base. The buffer 
capacity depends on the ratio of the salt to acid or base and buffer concentration. The Van 
Slyke equation [130] expressed the relationship between the buffer capacity and buffer 
concentration such as: 
 ì = 2.3H N8[áãåç](N8 +	 [áãåç])u (2.28) 
where C is the buffer concentration. The optimum buffering capacity is achieved when 
the concentration of the two forms of the buffer (e.g. HA and A-) are equal, in other words, 
when the pKa value is the same as the mobile phase pH. The capacity of the buffer 
decreases as the pKa value of the buffer and the pH of the mobile phase become 
increasingly different. The buffer pKa needs to be within ±1 of the mobile pH to achieve 
an acceptable capacity. Typically, a concentration range of 5 to 25 mM is used for buffers 
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in RP-HPLC. To acquire optimal buffering throughout the system, the analytes are also 
dissolved in the mobile phase [192]. Table 2.3 proposes a few examples of commonly 
used buffers in RP-HPLC with properties such as pKa values, buffer estimated range and 
UV ranges.  








Trifluoroacetic acid >2 1.5-2.5 210 nm 
Phosphoric acid 2.1 1.5-3.5 < 200 nm 
Monophosphate 7.2 6.0-8.5 < 200 nm 
Diphosphate 12.3 11.0-13.5 < 200 nm 
Citric acid 3.1 2.0-4.5 230 nm 
Formic acid 3.8 2.5-5.0 210 nm 
Acetic acid 4.8 3.5-6.0 210 nm 




Endcapping enables the minimisation of unwanted surface silanol groups which can lead 
to secondary interaction which can reduce the selectivity and resolution of the column. 
This predominantly affects basic and ionic analytes. Silylating reagents (e.g. 
trimethylchlorosilane or dichlorodimethylsilane) are used to produce trimethylsilyl 
(TMS) capped groups. The reaction of these end-capping reagents can reduce the silanol 
surface concentration by a factor of 2 (from approximately 8 µmol/m2 to 4 µmol/m2) 
[193].  
 
2.6.12 Carbon load 
 
Carbon load signifies the percentage weight of the carbon in the stationary phase. This 
indicates the amount of organic material present on the surface of the stationary phase. 
The higher the carbon load, the longer non-polar analyte can be retained. Stationary 
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phases with different endcapping groups will have different carbon load percentages. 
More importantly, the carbon load of the stationary phase depends on both the relative 
surface coverage and the chain length of the bonded function groups [136]. Generally, a 
CHN (carbon, hydrogen and nitrogen) analyser is used to determine the carbon load of 
the stationary phase. The carbon load is measured by heating up the stationary phase until 
the functional ligand (e.g. hydrocarbon chains for BEH-C18) burns off as CO2 [177, 194-
196]. The carbon percentage of carbon quantified by either measuring the released CO2 
or weight difference.  
 
2.6.13 Surface Coverage (ligand density)  
 
The surface coverage of the stationary phase indicates a measure of the retentivity and 
hydrophobicity of the column. This is the concentration of the stationary phase per unit 
area which is bonded to the supporting material. The carbon percent [197, 198] of the 
stationary phase can be used to calculate the ligand surface density (µmol/m2):  
A7tó~@=	@;ò=t~ê=	 _µmol?u a = %H	 ×	10õ1200>à  (2.29) 
where %H  is expressed as a ratio weights, > is the number of carbons in the bonded 
phase, à is the surface area of the substrate (m2/g). Additionally, the surface coverage of 
HPLC stationary phases has previously been investigated via CP/MAS NMR techniques 
[69, 92, 199-202]. 
 
2.6.14 Temperature effect on retention 
 
Temperature has a substantial effect on retention in RP-HPLC. For most analytes, the 
effect of varied temperature on the HPLC retention can be expressed in terms of the Van’t 
Hoff equation:  
 log G = à +	 ïÄÖ (2.30) 
where A and B are the temperature independent constants of an analyte and TK is the 
temperature (K). The retention time usually decreases with an increase in temperature per 
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1-2% per °C [1]. Therefore, a 50 °C increase in temperature will reduce the retention time 
by 2-fold.  Furthermore, an increase in temperature deteriorates the separation as some 
analyte could coelute. 
2.6.15 Temperature Limit 
 
Stationary phase manufacturers such as Waters propose temperature limits at which the 
columns can operate without any damage taking place. High temperature can potentially 
lead to basic hydrolysis of the silica support and acidic hydrolysis of the stationary phase. 
 
2.7 Intermolecular interactions 
 
The force of attraction between an analyte, mobile phase and stationary phase could be 
due a variety of intermolecular interactions. Different types of intermolecular interaction 
that take places in RP-HPLC are illustrated in Figure 2.12.  
 
Figure 2.12. Visualisation of HPLC intermolecular interactions such as (a) dispersion 
interactions, (b) hydrogen bonding, (c) ionic interactions, (d) charge transfer and (e) 
dipole-dipole interactions. 
Three properties are fundamental in any molecular interaction which includes the type of 
interaction, the strength of interaction and the probability for the interaction to occur. A 
quantitative atomic scale measurement of these interactions could potentially enable 
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scientists to predict the retention properties of numerous compounds based on their 
chemical structures. 
 
2.7.1 Dispersion interactions  
 
Dispersion interaction (or London’s dispersive force) were first described by London 
[203]. One of the best definitions of dispersion interactions was proposed by Glasstone; 
“Although the physical significance probably cannot be clearly defined, it may be 
imagined that an instantaneous picture of a molecule would show various arrangements 
of nuclei and electrons having dipole moments. These rapidly varying dipoles, when 
averaged over many configurations, would give a resultant of zero. However, at any 
instant, they would offer electrical interactions with another molecule, resulting in 
interactive forces” [105, 204]. Dispersion forces are ubiquitous and present in all 
molecular interactions [105]. These interactions are due to random, instantaneous position 
of electrons surrounding adjacent atoms of either the solvent or analyte molecules. This 
type of intermolecular force is responsible for hydrophobic interactions (water-fearing) 
[205]. This term has arisen because hydrocarbons do not dissolve readily in water.  As 
the strength of dispersion interaction increases for large, less polar analytes, the retention 
behaviour between the analytes and stationary phases correspondingly increases in RP-
HPLC.  
 
2.7.2 Hydrophobic interactions 
 
As previously mentioned, hydrophobic force in simple terms means the “fear of water” 
force. There is no clear indication of how the term hydrophobic was generated but could 
be due to the immiscibility property of n-heptane with a very polar solvent such as water. 
Both n-heptane and water are immiscible, not because they repel each other but simply 
because the forces within the n-heptane and the force within the water molecule are 
greater than the force between n-heptane and water molecules. Thus, immiscibility occurs 
between the forces of interaction within each solvent is very much greater compared to 
force between each other. In RP-HPLC, the stationary phase is hydrophobic (e.g. alkyl 
chains) which has a strong affinity for hydrophobic compounds. Thus, the hydrophobic 
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molecules in the system will bind to the column while the hydrophilic molecule will elute 
with the mobile phase.  
 
2.7.3 Dipole-dipole interactions 
  
Dipole-dipole interactions take place between the negative side of a molecule and an 
adjacent positive side of another molecule. Dipoles are formed due to a large difference 
in electronegativity within two covalently bonded atoms. Thus, the electrons are 
unequally shared because the dominating electronegative atom attracts the shared 
electrons towards itself. Therefore, this atom has a slightly negative charge while the other 
has positive charge. Since dipole-dipole interactions predominantly take place in close 
proximities, the strength of dipole-dipole interaction is dependent on the dipole moments 
of each interacting environment.   
 
2.7.4 Hydrogen bonding  
 
Hydrogen bonding interactions are formed between a hydrogen atom which is covalently 
linked to an electronegative atom (e.g. O, N, F) which forms an electrostatic link with 
neighbouring electronegative atom within the same molecule or adjacent molecules. 
Hydrogen bond interactions increases with increase in hydrogen-bond acidity and basicity 
of the species (see Table 2.4).  
 
2.7.5 Ionic interactions  
 
Ionic interactions take place between a positive charged molecule (X+) and a negatively 
charged stationary phase or mobile phase. The positively charged analyte leads to a 
displacement of charge in the surrounding molecule (mobile phase) to achieve optimal 
electrostatic interaction. Table 2.4 lists the relative contributions to solvent polarity from 
the relative hydrogen-bond acidity (a), hydrogen-bond basicity (b) or dipolarity (p*), a 
measure of the overall solvent polarity (P’) and values of the dielectric constant (e) of 
three solvents [104]. a represents the solvents ability to act as a hydrogen bond donor 
towards a basic solute, b indicates the solvent’s ability to act as a hydrogen bond acceptor 
towards protic solute, p* denotes the solvent’s ability to interact with the solute by dipolar 
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and polarization factors [104], P’ (polarity index) is a measure of the ability of the solvent 
to interact with various polar solutes [206] and (e) is a  measure of the solvent’s polarity 
[207]. Solvents with larger dielectric constant (e) have stronger strength of ionic 
interaction (see Table 2.4).  
Table 2.4. Solvent selectivity characteristics.  
 Normalised selectivity   
Solvent H-B Acidity a/å H-B Basicity b/å Dipolarity p*/å P’ e 
Water 0.43 0.18 0.45 10.2 80 
Acetonitrile 0.15 0.25 0.60 5.8 37.5 
Methanol 0.43 0.29 0.28 5.1 32.7 
where å signifies the sum of a, b and p* for each solvent[1, 106, 208, 209] 
 
2.7.6 Charge transfer 
 
Charge transfer or p-p interaction can take place between a p-acid (electron poor) solute 
such as 1,3-dinitrobenzene and a p-base (electron rich) solvent such as benzene. This 
interaction can also take place between any aromatic analytes. The strength of this 
interaction increases with stronger p-bases (e.g. naphthalene and anthracene) and stronger 
p-acids (e.g. aromatic substituted by electron withdrawing nitro groups) [1]. Additionally, 
acetonitrile (p-acid) can also interact with aromatic analytes to form p-p interactions 
[109]. 
 
2.7.7 Polar interactions  
 
Polar interactions take place when a molecule contain one or more dipoles which forms 
a localised charge situated on different positions of the molecule. Each charge has a 
corresponding opposite charge in a different part of the molecule; hence the molecule has 
no net charge associated with it. Interactions takes place between the charges of the 
different molecules but these interactions are accompanied with dispersive interactions. 
The strength of the polar interactions depends on the strength of the dipoles.  
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2.8 RP-HPLC method development  
 
As briefly mentioned in Chapter 1, method development involves the selection of optimal 
separation conditions in HPLC. Several steps are involved for achieving the separation 
goals in HPLC method development such as [104]:  
• assessment of sample properties and separation goals 
• sample pre-treatment and preparation 
• selection of chromatographic mode  
• detector selection  
• separation conditions (primarily stationary phase and mobile phase pH/organic 
component) followed by temperature and mobile phase gradient characteristics) 
• refining of starting conditions – checking most especially pH 
• method validation 
However, for some complicated analyte mixtures, these steps might be adjusted by the 
chromatographer to achieve the goals of separation required due to special complications 
[14, 210].  
 
2.8.1 Assessment of sample properties and separation goals 
 
Initially, the analyte physico-chemical properties are reviewed such as molecular weight, 
functional groups, pKa values and many more. However, if the analytes are basic or acidic, 
buffers might be added to the mobile phase to stabilize the pH of the system at a pH to 
best exploit ionisation of a particular functional group for example. Once this information 
has been reviewed, the separation goals and aims can be determined. This also depends 
on the equipment and system available in the research facilities.  
 
2.8.2 Sample pre-treatment and preparation.  
 
Some complicated mixtures of analytes might require special preparation to avoid column 
damaging and separation interference. Several procedures can be used to prepare these 
sort of mixtures [211-213]. Generally, previous pre-treatment methods for similar 
mixtures of analytes can be reused to save time.  
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2.8.3 Selection of chromatography mode  
 
Usually, reversed phase HPLC is the first choice of chromatographic mode used in HPLC. 
However, in some cases, bare silica (unbonded) referred to as Normal phase HPLC (NP-
HPLC) is preferred for isomeric analytes.  
 
2.8.4 Detector selection  
 
Many detectors are available in HPLC, but a first to-go choice is generally UV-Vis 
detection given that the majority of (small) pharmaceutical molecules contain a 
chromophore. Nevertheless, choosing the adequate detector depends on physical and 
chemical properties of the analytes being analysed. Mass spectrometric detection (LC-
MS) is popularly used to complement UV detectors due to its ability to analyse a variety 
of analytes. 
 
2.8.5 Method validation  
 
Once the HPLC method development has been achieved, the method is tested on a 
suitable batch of samples to determine the accuracy, precision, robustness, repeatability 
and reproducibility of the method. Other properties such as the resolution, peak shape and 
many more are also determined. Method validation is required by any regulated 
laboratories to prove that the method developed is fit for its intended purpose. In the 
pharmaceutical industry the International Conference for Harmonisation (ICH) contains 
guidelines dictating how analytical methods must be developed [214].
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3 NUCLEAR MAGNETIC RESONANCE 
THEORY 
In this chapter, the fundamental theory of NMR magnetisation, nuclear spin interactions, 
Fourier transform and NMR experimental techniques are covered. The content of this 
chapter is based upon a number of texts: [215] Keeler, J., Understanding NMR 
spectroscopy. 2011: John Wiley & Sons; [216] Levitt, M.H., Spin dynamics: basics of 
nuclear magnetic resonance. 2001: John Wiley & Sons; [217] Duer, M.J., Solid state 
NMR spectroscopy: principles and applications. 2008: John Wiley & Sons and various 
journals that are referenced throughout.  
 
3.1 Nuclei Fundamental Properties  
Nuclear Magnetic Resonance (NMR) spectroscopy is a technique known for its ability to 
determine the molecular structure of a variety of samples. Thus, NMR spectroscopy has 
a great number of applications such as probing molecular interactions, determination of 
sample purity and understanding kinetics and molecular motions of various systems 
including proteins. Furthermore, this technique can be applied to variety of nuclei. As 
NMR is a type of spectroscopy, atoms in the systems must get excited which leads to a 
response e.g. emitted signal. Before we proceed any further in understanding NMR 
spectroscopy, it is crucial to determine what is really going on. Atomic nuclei can be 
characterised by four main physical properties: mass, electric charge, magnetism and spin 
[216]. The mass of the actual matter is mostly dependent on the mass of the nucleus. The 
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thermal properties of a given matter are dependent on the mass of the atomic nuclei. The 
nucleus itself is made of protons and neutrons, which are positive and neutral respectively. 
More importantly, an element can have the same number of protons, but different number 
of neutrons. Consequently, the element could have different isotopes. Isotopes play an 
important role in NMR, since they can be distinguished by two main properties, spin 
quantum number I and gyromagnetic ratio γ. The allowed values for I are positive integer 
values (including 0) and positive half integer values. The spin angular moment (along the 
z-axis traditionally corresponding to the direction of the applied external magnetic field 
denoted B0) is characterised by a quantum number known as the azimuthal quantum 
number m. The quantum number m can only have 2I+1 values between +I and –I in 
integer steps such as: 
 ú = 0, 1, 2, … (3.1) 
 
 ? = −ú,−ú + 1,−ú + 2…+ ú (3.2) 
 
The operator which corresponds to the total observable energy in the system is known 
as the Hamiltonian operator. The Hamiltonian áü for a nuclear spin in a static magnetic 
field is represented as: 
 
 áü = −†̂ ∙ ïU (3.3) 
 
where †̂ is magnetic moment and ïU is the strength of the applied magnetic field. This 
Hamiltonian operator is also known as the Zeeman Hamiltonian. The magnetic moment 
can be written in terms of the spin quantum number such as: 
 †̂ = 	¢ ∙ ú£	 (3.4) 
where γ is the gyromagnetic ratio. With an applied field along the z-axis, equation 3.3 
and 3.4 can be combined to form:  
 áü = −¢ú£§ïU = 	•UïU (3.5) 
 
where the Larmor frequency, •U, equals to −¢ ∙ ïU. If the nuclei have spin number of ú	 ≥ 1/2, they will possess both a magnetic moment and angular momentum, hence will 
precess about the ïU magnetic field at the Larmor frequency, •U. 
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Figure 3.1. Two energy levels of single spin ½ nucleus with and without an applied 
magnetic field, B0. The spin up (α) and spin down (β) have an energy gap of ΔE = hv. 
For nuclei with spin quantum number I = 1/2, by convention the spin states are 
represented as α (m = +1/2) and β (m = -1/2) or also described as “spin up” and “spin 
down” respectively. The Eigenstates can also have two energy levels:  
 ß® = 	−	ëu ℏγïU   											ß´ = 	+	ëu ℏγïU (3.6) 
 
where ℏ	is the reduced Planck’s constant. Whether α or β is in the lower energy level 
depends on the sign (positive or negative) of the gyromagnetic ratio of the nuclei. These 
states are known as the Zeeman states. In quantum mechanics, the only allowed 
transitions are when m changes by either +1 or -1. For instance, if we go from β state (m 
= -1/2), to α state (m = +1/2), the change in m is: 
 ∆?´→® = 	+12	−	_−12a = 	+1 (3.7) 
Additionally, α to β transition is also allowed, where Δm = -1. These transitions result in 
Zeeman splitting as shown in Figure 3.1. The transition energy gap ΔE between the two 
spin states corresponds to ℏγïU  which is the Larmor frequency •U  (in Hertz). The 
transition energy difference can be attained by applying a radio frequency (RF) pulse. 
However, at equilibrium the population difference between the two Eigenstates is 
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3.2 Nuclear Spin Interactions  
 
 
Figure 3.2. Visualisation of (a) chemical shift interaction, (b) direct dipole-dipole 
coupling and (c) indirect dipole-dipole coupling (J-coupling). The electrons are 
represented by the blue cloud. 
 
3.2.1 Chemical Shift and chemical shift anisotropy  
 
One form of interaction which enables scientists to obtain such structural information is 
known as chemical shift (see Figure 3.2). For a nucleus, the effective magnetic field does 
not only include the applied magnetic field B0, but also the magnetic field of both nearby 
electrons and nuclei. This effective magnetic [218] field at the nucleus can 
mathematically be expressed as:  
 ï|≠≠		 = 	ïU(1 − Æ) (3.8) 
Where Æ is known as the shielding factor and here it is relatively small compared to the 
applied magnetic field varying from 10-3 to 10-5 depending on the nuclei of interest. 
Furthermore, the magnetic field experienced by nuclei at different sites of the same 
molecule could differ if the electronic environments are different. Consequently, this will 
cause the signal to be absorbed at slightly different frequency. This type of interaction is 
known as the chemical shift. In short, chemical shift is the indirect interaction of the 
applied external magnetic field and the nuclear spins via electrons. This interaction 
enables NMR to be a successful method to determine the chemical structure of various 
compounds. 
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The chemical shift mechanism can be divided into two steps. Initially, an applied external 
magnetic field B0 induces currents in the electron clouds of the molecule. Therefore, the 
circulating current further generates another magnetic field known as the induced field. 
Hence, the strength of the induced current (induced field) is directly proportional to the 
applied field. The induced field interaction is composed of two contributions: (a) the 
external magnetic field causes the electrons to circulate around it; This leads to a 
secondary field which opposes the applied field at the centre of motion. This is known as 
the diamagnetic contribution [216, 219]; (b) the external magnetic field may also mix 
excited electronic states which possess paramagnetic properties with the ground state 
which creates a small amount of paramagnetism in the ground state of the molecule while 
it is in the magnetic field. This creates a field which supports the applied field at the 
nucleus which in turns deshields the nucleus. This is known as the paramagnetic 
contribution [216, 219].  
 
Spectroscopy is commonly used to quote the observed absorptions in terms of frequency 
or wavelength, however in NMR the position or chemical shift (δ) of the peaks are quoted 
in parts per million (ppm). The main reason for using the chemical shift scale is due to 
the fact that NMR frequencies are directly proportional to the magnetic field strength. In 
other words, doubling the magnetic field strength also doubles the frequency separation 
as illustrated in Figure 3.3.  
 
Figure 3.3. Illustration of an NMR spectrum split into two lines. In (a) the magnetic field 
results in the two lines appearing at 100.0002 and 100.0003 respectively. The separation 
between the two peaks is 100 Hz. If the applied magnetic field is doubled as shown in (b) 
the frequency of each peak is doubled and so is the separation between them.  
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The ppm scale enables the measured frequencies to be independent of the applied 
magnetic field strength. Thus, this enables the comparison of spectra acquired on different 
spectrometers. A simple reference compound can be used to calibrate the chemical shift 
scale. For 1H and 13C spectra tetramethylsilane (TMS) or 4,4-dimethyl-4-silapentane-1-
sulfonic acid (DSS) are normally used as reference compounds. Both compounds give 
rise to a single peak which enables them to be easily identified. The DSS peak is then 
referenced to 0 ppm. The position of all the other peaks is determined by their frequency 
separation from the reference peak, and then dividing this difference by the reference 
peak frequency. Chemical shift is mathematically expressed by:  
 
Ø	(vv?) = 	10õ 	×	ò −	ò{|≠ò{|≠  (3.9) 
where ò is the frequency of the NMR peak of interest and ò{|≠ is the frequency of the 
peak from the reference compound. The ratio is then multiplied by 106 to upscale the 
number into ppm. The reference compound will have a chemical shift of 0 ppm as 
previously stated. This ratio (δ) specifies the positions of the peaks independently on the 
applied magnetic field.   
 
The main difference between solution and solid state NMR is that in solid state NMR, the 
overall molecular motion is restricted. The orientation-dependent component of the 
chemical shift is known as the chemical shift anisotropy (CSA). For example, if a single 
crystal is analysed, only one peak will be observed because each molecule will be 
orientated in the same direction. However, a powdered sample (2 or more crystals) will 
lead to a so called powder pattern. In other words, a broad peak is observed due to each 
chemical shift of each crystallite being orientated different with respect to the applied 
magnetic field B0. Figure 3.4 illustrate the powder pattern with the possible orientations 
and the 3 by 3 matrix that represents the chemical shift tensor.  
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Figure 3.4. Illustration of chemical shift anisotropy powder pattern due to the random 
orientation of crystallites with respect to the applied field B0. Where (∆) is the shielding 
anisotropy, !"" , !##  and !$$  are the principal components of the chemical shielding 
tensor. 
 
3.2.2 Dipole-Dipole Coupling 
 
The magnetic moment of individual nuclear spin can interact through space. This is 
known as through-space dipole-dipole coupling, or dipole-dipole coupling for short (see 
Figure 3.2). This type of interaction is not mediated by the electrons but rather directly 
through space. 
In solution samples, the dipole-dipole is averaged to its isotropic value (zero), via 
molecular tumbling. However, this is not the case for solids samples where this interaction 
is a major contributor of line broadening. Let’s take for example two nuclear spins (I and 
S) which are separated by a distance r as shown in Figure 3.5, 
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Figure 3.5.  An illustration of the polar angles θ and ϕ which denotes the orientation of 
the I-S internuclear vector with respect to the B0 field along the z-axis in the laboratory 
frame. 
To obtain the interaction Hamiltonian (áü∞∞) for the dipolar coupling between two spins 
(I and S) is given by:  
 áü∞∞ = 	− w±≤≥¥x ¢µ¢∂ℏ wµ∙∂{∑ − 3 (µ∙{)(∂∙{){∏ x = πµ∂ wú ∙ F − ã(µ∙{)(∂∙{){∫ x		. (3.10) 
Equation 3.13 represents the full dipolar Hamiltonian. Additionally, πµ∂ is known as the 
homonuclear and heteronuclear dipolar coupling constant (units in rad∙s-1):  
 πµ∂ª	ä	 †U¢µ¢∂ℏ4º 	 1tã (3.11) 
The dipolar-coupling constant has a dependence of ( ë{∑) which represents the distance 
between two coupled spins.  
 
3.2.3 J-Coupling  
 
J-coupling also known as scalar coupling arises from magnetic moments of the same 
molecule affecting one another through the electron cloud. This interaction is mediated 
through the chemical bond (see Figure 3.2). The peak multiplicity, the magnitude of 
coupling and sign of coupling can all be obtained from the J-coupling.[220] 
Unlike dipolar interactions, J-coupling is independent of the applied magnetic field. The 
J-coupling between two spins úZ and úΩ can be expressed in terms of a Hamiltonian as:  
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 áüZΩæ,≠øÜÜ = 2ºú£Z ∙ ¿ZΩ ∙ ú£Ω (3.12) 
 
Where ¿ZΩ represents the J-coupling tensor and 2π is to enable to convert J-coupling into 
rads-1 instead of Hz. In general, J coupling may have both anisotropic and isotropic 
contributions. However, the anisotropic contribution is typically much smaller than the 
isotropic part [221, 222]. 
In solution, there are two types of j-coupling which are homonuclear coupling (e.g. H-H) 
and heteronuclear coupling (e.g. H-C). The strength of J-coupling is dependent on the 
molecular  structural properties (e.g. bond angle, bond length, heteronuclear and 
homonuclear coupling).  
Both anisotropic liquids and solids experience some J-coupling. However, the J-
anisotropy strength of interaction is almost negligible compared to dipole-dipole 
coupling. In most cases, linewidths obtained in solid state (100 Hz – 10 kHz) are greater 
compared to J-spitting (10-100’s of Hz). 
 
3.2.4 Magic Angle Spinning 
 
For liquid sample in low viscosity solutions, the angular term of the dipolar couplings (D) 
is averaged to zero as the molecule can freely rotate and as a results no dipolar coupling 
is observed (see equation 3.13). With heterogenous or solid samples where the motion is 
restricted, the dipolar couplings are not fully averaged to zero, thus are reintroduced 
which leads to broadening of the NMR peaks. The time-averaged angular dependent of 
dipolar couplings is expressed as: ¡	 ∝ 	 täã(3@;Au√ − 1) (3.13) 
Where t is the internuclear separation and √ the angle between the static field and the 
internuclear vector between the dipolar coupled spins [223]. However, sample 
heterogeneity can also contribute to line broadening. Heterogenous samples could suffer 
from local field inhomogeneity due to magnetic susceptibility differences which in turns 
leads to severe line broadening [223]. Line broadening from both dipolar coupling and 
susceptibility can be minimised or eliminated by rotating the sample about the so called 
magic angle (54.74°). As a result, the angular term of equation 3.13 becomes zero and the 
molecular motion of the sample emulates that of a liquid sample. Magic angle spinning 
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(MAS) has the ability to average the effect of chemical shift anisotropy [224]. Figure 3.6 
shows the experimental setup of MAS.   
 
Figure 3.6. The magic angle spinning set up. The sample is packed in a cylindrical rotor 
which is spun rapidly about the spinning axis oriented at an angle θ with respect to the 
applied magnetic field B0. The magic angle (θ = 54.74°) removes both heteronuclear 
dipolar coupling and chemical shielding anisotropy interactions.  
In order to achieve a well resolved spectrum, the MAS needs to be fast enough compared 
to the size of the anisotropic interactions to average them effectively. This means spinning 
the rotor by a factor of 3 to 4 times greater than the anisotropic interactions. When the 
spinning frequency is not fast enough with respect to the size of the anisotropic interaction 
that is to be averaged spinning sidebands are observed. These are lines on both sides of 
the main peak of interest spaced in the intervals of the spinning frequency. For example, 
if the spinning speed is 5 kHz, the spinning sidebands will be located in the intervals of 5 
kHz on either side of the main peak of interest – the number of the observed side bands 
depends on the ratio of the magnitude of the anisotropic interaction and the spinning 
frequency. The intensity of these spinning sidebands can be reduced by an increase in the 
speed of the spinning frequency. At the time of writing this thesis, the spinning frequency 
of NMR rotor can vary from anything from 10 Hz to 150 kHz. The maximum frequency 
with which the rotors can be spun depends on the size of the rotor (typically rotors with 
diameters from 7 to 0.6 mm are in use these days). However, for some anisotropic 
interactions such as 1H-1H dipolar couplings even the fastest spinning frequencies 
currently available are not sufficient for achieving effective averaging. If the presence of 
spinning side bands is not desired other methods besides faster MAS can be used to 
remove the spinning sidebands, e.g. special pulse sequences [225, 226]. On the other 
hand, spinning sidebands can be rather useful, as they can be used to determine the 
anisotropy and asymmetry properties of nuclear spin interactions, which are in turn linked 
to important molecular properties [227-229].  
Chapter 3: Nuclear Magnetic Resonance Theory 
Azzedine A. Dabo - April 2019    49 
 
Figure 3.7. 1D 1H spectra of single dry seed of western white pine (a) static and (b) under 
3 kHz magic angle spinning. Adapted from [230]. 
In the context of the work presented in this thesis, an important aspect is the MAS  
capability of minimizing magnetic susceptibility-induced line broadening [231]. Over the 
years, magnetic-susceptibility broadening found in heterogeneous systems can be 
removed by MAS [232, 233]. MAS has proven to be very effective for narrowing both 
1H and 13C linewidths. This magnetic susceptibility broadening is not only due to the 
mismatch within the sample but also the materials used to manufacture the probe which 
in some cases can only be removed by careful probe design. The so called Nanonmr probe 
has been used to eliminate the line broadening [234]. In a recent study, Nanoprobe 
generated the best resolved spectra for both 1H and 13C 1D spectra [235].  
Figure 3.7 displays the true power of MAS technique for minimizing both anisotropic and 
magnetic susceptibility line broadening. This experiment is known as 1H high resolution 
MAS NMR (1H HR MAS) technique which is heavily used in this project.  
3.3 NMR Experiment 
3.3.1 The vector model 
 
Before we can move any further we need to understand terms such as the vector model, 
bulk magnetisation, pulses and many more in order to understand how NMR experiments 
actually work. The sample has to be packed in either a rotor (solid-state) or into an NMR 
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tube (solution-state), which is then placed into a probe and finally inserted into a 
superconducting electromagnet. When the nucleus of interest is placed in a strong 
magnetic field, there is an interaction taking place between the applied field and magnetic 
moment of the nucleus. The magnitude of the interaction is dependent on the angle 
between the applied field and magnetic moment of the nucleus. The highest energy can 
be observed when the magnetic moment is anti-parallel to the applied field, while the 
lowest energy arrangement is when the magnetic moment is parallel to the applied field 
(angle is zero). The energy of interaction is minimised when each individual magnetic 
moment is aligned to the applied field. However, this alignment is perturbed by random 
thermal molecular motion of the molecules which leads to random orientation of the 
magnetic moments. Because the magnitude of the energy of the thermal molecular motion 
is far greater compared to the energy of interaction between the applied field and magnetic 
moments, the alignment of the magnetic moments can easily be disordered. 
In terms of NMR, we do not look at individual magnetic moments but the sum (as a 
whole) of all magnetic moments in all nuclei. If a magnetic field B0 is applied and the 
system is allowed to reach an equilibrium, each individual magnetic moments will align 
with the applied field. The sum of these magnetic moments is known as the bulk 
magnetisation or net magnetisation (M) as shown in Figure 3.8. The term (M) is the sum 
of each individual magnetic moments (μi) of all the nuclei in the substance: 
 C	 = 	∑ µ∆[   (3.14) 
The term “bulk” reminds us that the magnetisation is a property of the whole sample but 
not just an individual magnetic moment. Additionally, magnetisation is a vector quantity 
that possesses both magnitude and direction. The vector model enables us to visualise and 
determine what happens to the bulk magnetisation without the need for any complicated 
quantum mechanics. Once the sample is placed in a magnetic field, after a certain amount 
of time the magnetisation builds up and reaches an equilibrium. The process by which the 
sample reaches equilibrium is illustrated in Figure 3.8. The process by which the spins 
reaches equilibrium is called NMR relaxation. NMR relaxation measurements have been 
used for probing molecular dynamics. In Chapter 4 we will look more into details on how 
NMR relaxation works and methods by which it can be measured. 
As previously mentioned the energy of interaction between the applied field and 
individual magnetic moment is dependent on the angle between them. However, the 
energy of interaction is independent of the orientation of the magnetic moments on the 
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xy-plane. At equilibrium, the components of magnetic moments in the  transverse plane 
(xy-plane) are randomly distributed. As a result, the transverse components of individual 
magnetic moments will cancel out and hence no bulk magnetisation is formed on the 
transverse plane. Furthermore, the bulk magnetisation at equilibrium will align on the z-
axis. Radio frequency (RF) pulses can be used to transfer the bulk magnetisation from the 
longitudinal plane to the transverse plane.  
 
Figure 3.8.  Illustration of how bulk magnetisation reaches equilibrium. Initially with no 
applied magnetic field, each individual magnetic moment is randomly orientated (as 
shown on the left). At this point, no net magnetisation is formed. Once the magnetic field 
is applied (B0), the individual magnetic moments start to align with the field but it requires 
a certain amount time. When the field is first applied, no net bulk magnetisation is formed. 
After waiting for an adequate amount of time, more populated magnetic moment align to 
the applied field as shown on the right. As a result, a bulk magnetisation (M) is formed 
parallel to the applied field (z-axis).  
Once the bulk magnetisation reaches an equilibrium, it is fixed on the z-axis and does not 
vary over time. However, if the bulk magnetisation is suddenly tipped away from the B0 
field,  it will rotate around the applied field in a cone shape with a constant angle at the 
frequency called the Larmor frequency. This particular type of motion is known as 
precession. Therefore, the bulk magnetisation precesses about the applied field. The 
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Larmor frequency can be specified in two ways. The Larmor frequency can be expressed 
in terms of radians per seconds (in rads-1):  
 •U = 	−¢ïU (3.15) 
it can also be expressed as cycles per second or in Hz: 
 òU = 	− 12º ¢ïU (3.16) 
Looking at the equations 3.15 and 3.16, the Larmor frequency has a defined negative sign. 
The sign provides fundamental information of the direction of precession of the bulk 
magnetisation about the applied magnetic field. For instance, most nuclei have a positive 
gyromagnetic ratio, which means the Larmor frequency calculated will be negative. This 
means the bulk magnetisation will precess clockwise around the applied field. However, 
some nuclei such as 15N and 29Si have negative gyromagnetic ratios, which leads to 
positive Larmor frequency. Thus, in that case the bulk magnetisation of such nuclei will 
rotate counter clockwise about the applied field. It is important to note that precession of 
the bulk magnetisation will only take place when it is at an angle with the applied 
magnetic field. If the bulk magnetisation is not tipped at an angle but parallel to the z-
axis, the bulk magnetisation will remain stationary. 
 
The magnetisation can be rotated from the z-axis onto the x-y-plane by applying an on-
resonance radiofrequency (RF) pulse. The RF pulses are generated by a coil around the 
sample: an oscillating current induces the required oscillating magnetic field along the x-
axis. This process is how a radiofrequency or RF field is created.  
 
When the RF pulse is applied through the coil along the x-axis, an oscillating magnetic 
field is generated along the x-axis (perpendicular to the z-axis and B0 field). The 
oscillating magnetic field can be thought of as a vector that starts along from the +x and 
gradually reduces to zero and then increases across the –x direction and finally back to its 
starting position along the +x. This vector can be separated into two components with 
frequencies of ±•{≠  , where •{≠   is the frequency of the rf pulse. •{≠  is called the 
transmitter frequency simply because a RF transmitter is used to generate the power. 
Additionally, the only component which precesses in the same direction as the precession 
of the bulk magnetisation vector (M) about the B0 will have an effect on M. This 
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component can be represented as ïë(:). The effect of the ïë(:) can be visualised a lot 
more easily by transforming the whole system into a rotating frame. The rotating frame 
of reference which rotates at the Larmor frequency about the B0 field. Employing this 
“trick”, the B1 field will appear to be static and hence the time dependence of the B1 field 
is also removed. When viewed under the rotating frame, the RF field is not rotating nor 
oscillating but just stationary.  
As a result, the time dependence of the RF field is removed. For instance, if the rotating 
frame rotates at the same frequency as the Larmor precession, the magnetization will 
appear to be stationary (the apparent Larmor frequency would be zero. Additionally, if 
rotating frame has a frequency of •{≠, the Larmor frequency is reduced to •U - •{≠ about 
the B0 field. The difference between the two frequencies is known as the offset and is 
represented by Ω, 
 Ω =	•U−•{≠ (3.17) 
If the rotating frame precess at the offset frequency Ω, the apparent magnetic field ∆ï 
can be calculated as:  
 ∆ï = 	−Ω¢  (3.18) 
where ∆ï is known as the reduced field in the rotating frame. If the offset is zero, so 
would be the reduced field.  
 
Figure 3.9. Illustration of the effective field (Beff) in the rotating frame. Where Beff is sum 
of the B1 and ∆B and θ is the angle between the ∆B and Beff. 
Additionally, in the rotating frame, the reduced field is along the z-axis and the B1 field 
is along the x-axis which both add vertically to give the so-called effective field Beff as 
illustrated in Figure 3.9. The size of the effective field Beff can be expressed as:  
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 ï|≠≠		 = 	…ïëu + (∆ï)u (3.19) 
The angle between the reduced field ∆ï and Beff is known as the tilt angle and is given 
the symbol √. From Figure 3.9, the tilt angle can be determined by:  
 
AB>	√	 = 	 ïëï|≠≠ 							@;A	√	 = 	 ∆ïï|≠≠ 				:~>	√	 = 	 ïë∆ï	 (3.20) 
Furthermore, Equation 3.19 can be expressed in term in frequencies:  
 •|≠≠		 = 	…•ëu + (Ω)u	 (3.21) 
As a result, Equation 3.21 can be rewritten in terms of frequencies and hence also express 
the tilt angle in terms of frequencies:  
 
 
AB>	√	 = 	 •ë•|≠≠ 							@;A	√	 = 	 Ω•|≠≠ 				:~>	√	 = 	•ëΩ 	 (3.22) 
 
Pulses are radio frequency that matches that of the Larmor frequency (on-resonance). If 
the time of the RF pulse is applied for is :y, and the precession frequency as •ë, we can 
determine the so-called flip angle (ì) of the pulse as:  
 ì = 	•ë:y (3.23) 
The nutation frequency •ë plays a crucial role in NMR experiments as it determines the 
rf field strength, particularly the amount of pulsing power applied to a sample. If •ë 	≫	Ω, this is known as a hard pulse. In this situation, high power is used for a short duration 
of time (e.g. few μs). These pulses are non-selective and therefore excite a large range of 
chemical shifts for a specific nucleus (e.g. 1H). Conversely, soft pulses ( when •ë 	≪ 	Ω), 
also known as shaped pulses are long pulse (range of ms) with weak power. Soft pulses 
excite only a specific region of interest. 
 
The flip angle can be altered by altering the pulse length. Figure 3.10 illustrates the motion 
of the bulk magnetisation from z-axis to the transverse plane over a period time (t). In the 
most common NMR experiments, the flip angle is set to 90° w¥ux and 180° (º). As shown 
in Figure 3.10, a 90° pulse is applied along the x-axis (anti-clockwise).  
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Figure 3.10. Graphical illustration of how the transverse bulk magnetisation is generated 
with time. Initially (from left to right) the bulk magnetisation is at equilibrium. A 90° 
anticlockwise pulse is applied about the x-axis (when a maximum measurable signal is 
obtained), this starts tilting the bulk magnetisation away from the longitudinal plane axis 
(z-axis) and towards the transverse plane (xy-axis). After a while, the bulk magnetisation 
is fully transferred onto the transverse plane.  
For example, let’s take the pulse length of :ëÃU for a flip angle of 180° (º). This can be 
expressed as:  
 º = 	•ë:ëÃU	 (3.24) 
 
 ∴ 	•ë = 	 ¥ÑŒœ≤ (in rad/s) (3.25) 
or 
 
•ë2º = 	 12:ëÃU 	(in	Hz) (3.26) 
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3.3.2 Fourier Transform 
 
In NMR spectroscopy after a pulse or series of pulses are applied, the oscillating decaying 
signal is recorded as the so-called free induction decay (FID). It is often more convenient 
to work with NMR signals in frequency domain rather than time domain. To convert the 
time domain FID into a frequency domain spectrum is accomplished using mathematical 
Fourier transform (FT). In preparation for FT the analog signal needs to be digitised so 
that the decaying wave is represented by number of points with increments.  
In order to  understand what one would expect a spectrum obtained as a  result of FT to 
be it is useful to consider how the observed signal could be expressed mathematically. 
The bulk magnetisation, M0, rotated into the transverse plane by a 90° pulse with phase y 
will precess about z axis with the x and y components expressed as:  
 
 C‘ = CUAB>Ω:																	C = CU@;AΩ: (3.27) 
 
where Ω is the offset (in rad∙s-1). The precession of the bulk magnetisation will generate 
a current in the RF coil which results in a signal voltage which is then digitized and stored 
in the computer memory. The signals from both components can be written as:  
 
 F = FU@;AΩ:																	F‘ = FUAB>Ω: (3.28) 
 
where F and F‘ are the detected signals and FU is proportional to M0. In the presence of 
transverse relaxation, the FID decays exponentially such as:  
 
 
F = FU@;AΩ:	=’v _−:Äu a = FU@;AΩ:	=’v(−9u:)		 F‘ = FUAB>Ω:	=’v _−:Äu a = FUAB>Ω:	=’v(−9u:) (3.29) 
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where T2 is a time constant called the transverse relaxation corresponding to the relaxation 
rate, R2 (R2=1/T2). As R2 increases (T2 decreases), the decay becomes more rapid which 
leads to broader peak widths. Relaxation will be revisited in chapter 4.  
Both the x and y components can be combined into a complex (time-domain) signal F(:): 
 F(:) = 	F +	 BF‘ (3.30) 
 =	FU@;AΩ:	=’v _−:Äu a + B bFUAB>Ω:	=’v _−:Äu ac (3.31) 
 		= 	 FU(@;AΩ: + BAB>Ω:)	=’v _−:Äu a (3.32) 
 ÷ℎ=t=		@;A√ + BAB>√	 ≡ exp	(B√) (3.33) 
 ∴ F(:) = 	FU	=’v(BΩ:)=’v _−:Äu a = FU	=’v(BΩ:)−:Äu =’v(−9u:) (3.34) 
where F is the x component (real part) and F‘ is the y component (imaginary part). After 
applying the Fourier transform to F(:), a complex (frequency-domain) signal S(ω) is 
generated:  
 F(:) 	‹›ﬁﬂ 		F(ω)	 (3.35) 
 
 
FU	=’v(BΩ:)=’v(−9u:) 	‹›ﬁﬂ	 	 FU9u9uu + (• − 	Ω)u	deeeefeeeeg{|8Ü	 + 	B −FU(• − Ω)9uu + (• − Ω)udeeefeeeg[K8·[‚8{‘	  (3.36) 
The real part is known as the absorption mode Lorentzian line shape while the imaginary 
part is called the dispersion mode Lorentzian line shape as illustrated in Figure 3.11. S0 
= 1.  
 
Figure 3.11. Illustration of (a) absorption and (b) dispersion Lorentzian line shapes due 
to Fourier transform of the decaying FID signal. 
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On-resonance, where • = 	Ω, S(ω) becomes:  
 
F(ω) = 	 9u9uu + (Ω − 	Ω)u + 	B −(Ω − Ω)9uu + (Ω − 	Ω)u (3.37) 
 =	9u9uu + 	0 (3.38) 
 =	 19u (3.39) 
Where the real part is 1/9u and the imaginary part becomes zero. As illustrated in Figure 
3.11, the absorption line shape has a maximum peak intensity of 1/9u while the dispersion 
line shape goes through zero at the same point of frequency, Ω. The absorption peak width 
at half height, òë/u is 29u (in rad/s) and 9u/º (in Hz). Thus transverse  relaxation plays 
a crucial part in NMR as it determines the peaks width of the NMR signal observed.  
 
3.3.3 Sensitivity in NMR 
Although NMR has proven to be a very successful technique over the years, it is 
considered to be  insensitive in comparison to other spectroscopy techniques. This is 
because the NMR signal intensity is dependant to the population difference between the 
energy levels. This population difference is described by the Boltzmann distribution:  
 
køyy|{kÜzq|{ = 	 =wä∆„Ω› x (3.40) 
where Nupper and Nlower are the population of the nuclei in upper and lower energy levels 
respectively, ∆ß is the energy difference between the two energy levels (in J), k is the 
Boltzmann constant (1.3805 x 10-23 J/K) and T is the temperature (in K). Because the 
energy difference between the upper and lower energy states is small the population 
difference is small, which renders NMR a highly insensitive technique.  
Overall, the NMR sensitivity is dependent on a number of factors:  
 NMR	Signal	 ∝ N¢ãïUuÄ 	 (3.41) 
where N is the amount of sample in the NMR rotor, ¢ is the gyromagnetic ratio of the 
nuclei of interest, B0 is the applied magnetic field strength and T is the temperature. N 
does not only depend on the sample volume but also other factors such as the sample 
concentration and isotopic abundance. For example, 1H proton is typically much more 
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sensitive than other nuclei. This is because 1H has a high natural abundance of 
approximately 100% compared to 1.1% for carbon 13C as shown in Table 3.1.  
 
The signal to noise ratio of the NMR signal can be improved by increasing the 
concentration of the sample (related to N), using higher magnetic field strength to increase 
the energy difference between the spins or repeating the experiments. When an 
experiment is repeated the signal is correlated and adds constructively but noise is random 
and cancels out over time. Consequently, the signal to noise ratio is proportional to 
number of repetitions as:  
 
 
SignalNoise ∝ 	Í>7?Î=t	;ó	t=v=:B:B;>A (3.42) 
 















1H 1/2 99.98 42.58 500.00 
2H 1 0.015 6.54 76.75 
13C 1/2 1.1 10.71 125.72 
29Si 1/2 4.70 8.46 99.32 
 
To improve the signal to noise ratio of the spectra, the NMR experiment is repeated over 
a number of times and added together. The number of times the experiments is repeated 
is known as transients or number of scans, N. Due to the random nature of the noise 
observed in the NMR spectra,  
 
However, the total amount of time it takes to obtain one repetition (single scan) depends 
on the so called recycle delay required for the excited spins to return back to thermal 
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equilibrium. The process by which the spins return back to equilibrium is governed by 
spin-lattice or longitudinal relaxation T1. T1 relaxation can range from ms to hours 
depending on the nucleus of interest. As a rule of thumb, the recycle delay needs to be 5 
times greater than the T1 of the sample relaxation, which can lead to really long 
experimental times [236]. Paramagnetic additives can be added to the samples to shorten 
the T1 times [237].  
An common approach for enhancing sensitivity for observation of insensitive nuclei is to 
transfer polarisation from more sensitive nuclei, typically protons. In the solid state, one 
of such well-known methods is cross-polarization (CP) as shown in Figure 3.12. 
 
 
Figure 3.12. A cross polarization pulse sequence scheme. 
 
In order for the polarization transfer to take place, irradiation on both coupled nuclei (e.g. 
1H and 13C) need to fulfil the Hartmann-Hahn condition. Under static conditions it means 
that the nutation frequencies of irradiation on the two channels need to be equal as shown 
in Figure 3.13. Under MAS this condition is modified so that sum or difference of nutation 
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Figure 3.13. Illustration of the energy splitting of 1H and 13C nuclei about the B0 and B1 
field. Where the Larmor frequencies (energy difference) of both nuclei about the B0 are 
not equal. However, the Larmor frequencies of both nuclei about the B1 field are equal. 
Hence, Hartmann-Hann matching is achieved.  
 
When low sensitive nuclei are observed by solid-state NMR (e.g. 13C) with neighbouring 
higher abundant nuclei (e.g. 1H), strong heteronuclear dipolar coupling lead to broadening 
of spectrum observed. Applying high-power (~70-125 kHz 1H nutation frequency) 1H 
decoupling during acquisition enables the removal of such line broadening. The 
decoupling power needs to be calibrated carefully, as an excess of power can lead in 
extreme cases to sample heating and degradation  and/or damage of the probe [238, 239]. 
In solution much lower power decoupling is used to decouple scalar couplings. 
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3.3.4 Two-Dimensional NMR 
 
Over the years, two-dimensional NMR has been used in both solution and solid-state 
NMR to characterise complex biomolecules such as DNA, RNA and proteins. These 
types of complex molecules before the introduction of 2D NMR would seem impossible 
to study. After 2D NMR techniques were well established, scientists were able to develop 
both 3D and 4D for studying even larger biomolecules. These techniques have proven to 
be very successful over the years. The primary advantage of using 2D NMR techniques 
is for situations when a 1D NMR spectrum is overloaded with information (e.g. when 
peaks overlap with one another). Introducing another spectral dimension, first simplifies 
the 1D spectra and also enables further valuable information to be extracted. 2D NMR is 
very useful to determine a connectivity between two different sets of nuclei (e.g. proton 
and carbon). In a typical 1D spectrum, the peak intensity is plotted against the frequency. 
While in 2D NMR, the peak intensity is plotted against two frequencies. These two 
frequencies purely depend on the type of experiment that is used and on the information 
that is required from the sample of interest. 
 
 
Figure 3.14. Graphical scheme of how 2D NMR data sets are recorded using the pulse 
sequence shown in Figure 3.16. A graphical scheme of a 2D NMR pulse sequence made 
up of a preparation, evolution (t1), mixing and detection time (t2). 
In general, 2D NMR experiments are all composed of 4 simple steps; preparation time, 
evolution, mixing period and detection (see Figure 3.14). The preparation time is made 
up of either a single pulse or a series of pulses which generates a single-quantum 
coherence or multiple-quantum coherence. This can be a 90° degree pulse which transfers 
the bulk magnetisation from the longitudinal axis to the transverse plane or far more 
complicated pulses with delays.  
The evolution period (incremental delay) :ë, is a running time that is not fixed and will 
be different depending on the type of experiment used. The coherence that is generated 
from the preparation time is allowed to evolve during :ë. No observations are made during 
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the :ë increments. This is then followed by the mixing time. This part of the experiment 
is fundamental as it enables the magnetisation to be transferred from one nucleus to 
another. The magnetisation can be transferred via two mechanisms; dipolar or scalar 
coupling. The mixing time typically involves sequence of pulses that control evolution of 
the spins under specific couplings. Finally, this is followed by the detection period, :u 
where the signal is recorded in the form of an FID. 
In 2D NMR experiments, the data are recorded with regular intervals for both the :ë and :u  period. Essentially, the experiment is repeated for different increments of the :ë . 
Initially, the :ë is set to zero. As a result, there is no time delay between the preparation 
and mixing time and the FID is recorded as a function of :u. After the first experiment, 
the :ë is incremented with a fixed amount (Δë) and the whole experiment is repeated and 
the data are stored (see Figure 3.15). The whole experiment is repeated with :ë =	Δu, :ë = 	Δã … .. until adequate data is acquired in the :ë  dimension. Every individual 
value of :ë requires a separate experiment. Thus, the signal in the t2 dimension either has 
amplitude or phase or both modulated according to the evolution in t1. Consequently, 
repeating the experiment for successive t1 incremented delays generates a two-
dimensional time domain dataset [219]. This is one of the many reasons why undertaking 
2D NMR experiments can become a lengthy process. Hence, the number of :ë 
incremented delay has to be chosen wisely for the experiments to be time efficient.  
 
Figure 3.15. Initially, t1 is set to zero, the sequence is executed and FID is digitized with 
regular increments as a function of t2 and then stored. The process is repeated where t1 is 
set to %&,	(%&,	)%& and so on for as many values of t1 required. 
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Once the data are acquired, this is stored as a matrix. This matrix contains rows that are 
set to fixed values of :ë but changing value of :u. Similarly, to 1D experiments, the 2D 
time domains need to be Fourier transformed into a 2D spectrum. However, because this 
is a 2D NMR spectrum, the time domain needs to be Fourier transformed twice in order 
to obtain a spectrum. First of all, the rows (:ë	@;>ò=t:=π	:;	•ë) are Fourier transformed 
followed by the column ( :u	@;>ò=t:=π	:;	•u)   into a new matrix of the Fourier 
transformed rows and columns respectively. The final matrix is the 2D NMR spectrum. 
Various heteronuclear and homonuclear 2D NMR techniques are used for structural and 
conformational analysis. For instance, heteronuclear single-quantum coherence (HSQC) 
or heteronuclear single-quantum correlation experiment is a type of 2D NMR experiment 
that has proven useful for structural elucidation of both small and large organic molecules. 
This experiment has also been used to solve biomolecule structures (i.e. proteins). A 2D 
spectrum is obtained the first axis (f2 dimension) containing a protons spectrum and the 
second axis (f1) contains the heteronuclear nuclei such as 15N or 13C. A cross peak of each 
individual proton attached to its corresponding hetero nucleus is observed.  
 
Heteronuclear multiple bond correlation (HMBC) similarly to HSQC is also 2D NMR 
experiment that probes the correlations between proton and a heteronuclear nucleus 
(mainly for 13C). However, one bond correlation between the protons and carbons are 
suppressed. As a result, HMBC provides longer range of correlations of two, three and in 
some cases four bond correlation compared to HSQC. 
 
2D NMR experiments can also be homonuclear, where correlation between the same 
nuclei is observed (e.g. 1H-1H). Nuclear Overhauser Effect Spectroscopy (NOESY) and 
Exchange Spectroscopy (EXSY) are identical experiments but provide different 
fundamental information. NOESY identifies two spins that are close together in space via 
cross relaxation. EXSY probes chemical exchange processes in a system. EXSY 2D NMR 
spectrum can also be used to obtain quantitative measure of the rate of exchange. 
However, this type of quantitative measurements can be very time consuming.  
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4 NUCLEAR MAGNETIC RESONANCE 
RELAXATION 
The content of this chapter is based upon a number of texts: [215] Keeler, J., 
Understanding NMR spectroscopy. 2011: John Wiley & Sons; [216] Levitt, M.H., Spin 
dynamics: basics of nuclear magnetic resonance. 2001: John Wiley & Sons; [217] Duer, 
M.J., Solid state NMR spectroscopy: principles and applications. 2008: John Wiley & 
Sons; [240] Rule, G.S. and T.K. Hitchens, Fundamentals of protein NMR spectroscopy. 
Vol. 5. 2006: Springer Science & Business Media; [223] Claridge, T.D., High-resolution 
NMR techniques in organic chemistry. Vol. 27. 2016: Elsevier; [236] Apperley, D.C., 
R.K. Harris, and P. Hodgkinson, Solid-State NMR: Basic Principles and Practice. 2012: 
Momentum Press; [241] Stejskal, E. and J.D. Memory, High resolution NMR in the solid 
state: fundamentals of CP/MAS. 1994: Cambridge University Press; [242] Pochapsky, 
T.C. and S. Pochapsky, NMR for physical and biological scientists. 2008: Garland 
Science and various journals that are referenced through-out.  
As mentioned in Chapter 3, in NMR the process by which the perturbed bulk 
magnetisation returns to thermal equilibrium is known as relaxation. The basic definitions 
of T1 and T2 relaxation times was introduced in Chapter 3 Section 3.3.3/3.3.2. Since the 
NMR experiments in this study are heavily dependent on NMR relaxation measurements, 
in this chapter we outline the general concepts necessary for understanding NMR 
relaxation.  
NMR relaxation is a natural process and is primarily driven by molecular motion. Because 
of that NMR relaxation can be used as an indirect probe of molecular motion. As 
mentioned in Chapter 3, each individual spin has a magnetic moment. The sum of each 
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magnetic moment adds up to the bulk magnetisation. However, each magnetic moment 
behaves in the same manner of the bulk magnetisation. Relaxation is caused by magnetic 
fields, which are not applied (e.g. RF pulses) but generated locally within the sample by 
the thermal motion of the molecules. This is known as local magnetic fields. Each spin 
experiences different local magnetic fields as illustrated in Figure 4.1.  
 
 
Figure 4.1. Spin A experiencing a local field, Bloc, generated from the magnetic moment 
of neighbouring spin B. 
For instance, if we take two spins (A and B), where spin B has a magnetic moment, which 
generates a small magnetic field that is then experienced by spin A. This is an example 
of a local magnetic field at A that is generated by B. The orientation and amplitude (size) 
of the local field is dependent on the orientation and length (r) of spin B with respect to 
spin A (see Figure 4.1). These local fields are only experienced in very short distances. 
Spins from different parts of the sample will experience different local magnetic field due 
to the tumbling motion of the molecules. Thus, local magnetic fields are random and are 
different for each spin in the sample. This local magnetic field drives NMR relaxation. 
As shown in Figure 4.2, each spin is representing by a dot, if the spin is aligned along the 
+z or -z axis, the component takes a value of +1 or -1 respectively.  
 
The local magnetic fields generated in the sample oscillate at random frequency, but in 
some cases, the oscillating frequency will be identical to the Larmor frequency. Hence, 
this can change the orientation of the spins. 
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Figure 4.2. Illustration of how the bulk magnetisation (along –z axis) reaches to zero via 
random changes of the magnetic moment (z-component) of individual spins. Adapted 
from [215]. 
As shown in Figure 4.2, with time the spins change orientation at random which affects 
their z-components. After a while, the z component will become zero. This illustrates how 
the random field fluctuation close to the Larmor frequency drives relaxation to take place. 
However, Figure 4.2 (d), suggests there is no overall z-magnetisation at equilibrium, 
which is not true. As previously mentioned, the z-magnetisation at thermal equilibrium is 
finite. For a spin to go from a low to high state, some sort of energy is required. This 
energy is acquired from the “surroundings” of the spin. In contrast, when a spin goes from 
a high to low state, energy is given out to the surroundings. There is a higher probability 
for the energy to be added to the surroundings instead of being removed. Due to the 
disproportionate probability of giving or absorbing energy of the surroundings, it is more 
probable that the spins are driven towards a low energy state than a high-energy state. 
Hence, the spins are aligned parallel to the applied magnetic field. Thus, z-magnetisation 
is finally restored. The process by which the bulk magnetisation is restored to thermal 
equilibrium (along the longitudinal plane) is known as longitudinal relaxation. The main 
question that remains unanswered is how these local magnetic fields cause relaxation to 
take place? This is explained by relaxation mechanisms. 
 
4.1 Relaxation mechanisms 
The two main relaxation mechanisms for spins ½ nuclei are; the dipolar coupling and 
chemical shift anisotropy mechanisms.  
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4.1.1 Dipolar coupling  
As previously mentioned, this mechanism is between two spins (see Figure 4.1). Where 
by one spin generates the local magnetic field and neighbouring spins experience it. This 
mechanism is dependent on three main properties: (1) the distance between the two spins 
(1/r6), (2) the gyromagnetic ratio of the spins e.g. larger gyromagnetic ratio leads to larger 
magnetic moment and hence larger generated local field and (3) the orientation of the 
vector joining the two spins relative to the applied magnetic field.  
4.1.2 Chemical shift anisotropy 
Chemical shift of a nucleus in a molecule arises from the nuclear shielding effect of an 
applied magnetic field, caused by an induced magnetic field resulting from the circulation 
of surrounding electrons [48, 216, 243-246]. The magnitude of the induced field (size of 
the chemical shift) depends on the orientation of molecule with respect to the applied 
magnetic field, B0. Due to the Brownian motion of molecules in solution, the chemical 
shift and hence the local magnetic field is constantly changing and pointing in random 
orientations which causes relaxation of the nucleus. 
 
Figure 4.3.  Visualisation of how a local field is generated due to the interaction between 
surrounding electrons and the applied field (B0) 
The generated local field is dependent on the strength of the applied field and the 
gyromagnetic ratio of the nucleus. These random local magnetic fields drive the system 
back into thermal equilibrium. The random nature (e.g. motion) of the fields (see Figure 
4.3) is dependent on time and can be described by the correlation time.  
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4.2 Describing thermal random motion 
4.2.1 Correlation time and correlation function  
As previously mentioned, for relaxation to take place, the random motion of the molecules 
must be close to the Larmor frequency so that they can induce transitions between the 
spin energy levels. 
In solution samples, the molecules undergo Brownian motion. Each collision on a 
molecule only changes it orientation by a very small amount. Thus, a molecule will rotate 
with very small steps. Since the collision of the molecules is random, the rotation will 
therefore be irregular. This motion is known as rotational diffusion. This motion is 
characterised by correlation time, τc. The correlation time is the average amount of time 
required for a molecule to rotate a full radian. Correlation time describes the timescale of 
the random motion of the molecules. If the molecule has a short correlation time, this 
indicates the molecule will rotate quickly as it requires a shorter amount of time to rotate 
one radian. Conversely, if a molecule has a long correlation time, the molecule will take 
longer to rotate by one radian. The correlation function Ì(:, Ó) is used to mathematically 
express the time dependence of the random motion of a sample:  
 
 Ì(:, Ó) = 	 1k YïÜzm,ë(:)ïÜzm,ë(: + Ó) +	ïÜzm,u(:)ïÜzm,u(: + Ó)+. . . \ (4.1) 
 =	 1kÔïÜzm,[(:)ïÜzm,[(: + 	Ó)	[ªë  (4.2) 
 =	ïÜzm(:)ïÜzm(: + 	Ó). (4.3) 
 
where N is the number of spins in the sample and the horizontal line in equation 4.3 
(known as bar) represents an average. If a spin (B) experiences a local field at time (:) 
which varies with time so that at a time Ó the local field becomes ïÜzm,[(: + 	Ó). Both ïÜzm(:) and ïÜzÒ(: + 	Ó) are multiplied and the process is repeated for all other spins in 
the sample, which is divided by the number of spins in the sample. The correlation 
function is the average product of the local field at time (:) with that at time (: + 	Ó). This 
function is used to probe how rapidly a random field fluctuates. The local field varies 
over a period due to thermal motions present in the sample as shown in Figure 4.4. 
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Figure 4.4. Probing of correlation function G(t,τ). This Figure illustrates how the function 
is independent on time but dependent on the time interval (τ). 
Hence, ïÜzm(:) is a random function of time. This function is not dependent on the time 
at which is measured (:) but only depends on the time interval (Ó). The correlation 
function finally is written as:  
 Ì(Ó) = 		ïÜzm(:)ïÜzm(: + 	Ó). (4.4) 
Slow fluctuations (see Figure 4.5) will lead to slower decaying of Ì(Ó)  and faster 
fluctuations tend to lead to faster decaying of Ì(Ó) (see Figure 4.5). 
 
Figure 4.5. (a) Spectral density function of fast fluctuating fields with (b) its 
corresponding decaying plot and (c) spectral density function of slow fluctuating fields 
with (d) its corresponding decaying plot. Adapted from [216]. 
The simplest form of correlation function can be assumed as a simple decaying 
exponential:  
 Ì(Ó) = 		ïÜzmu 		=’v(ä|Û|ÛÙ) (4.5) 
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Where ïÜzmu 	 is the average of the square of the local field and Óm is the correlation time. 
The magnitude of Ì(Ó) is defined by the ïÜzmu 	 and Óm signifies how fast is the fluctuation 
(faster motion will have smaller Óm).  
The exponential decay component of the correlation function is independent on the source 
of local field. The reduced correlation function ê	(Ó) is independent on the local field: 
 ê	(Ó) = 	 =’v(ä|Û|ÛÙ) (4.6) 
 ∴ Ì(Ó) = 		ïÜzmu 		ê	(Ó) (4.7) 
4.2.2 The spectral density 
 
The correlation function Ì	(Ó) is a function of time. If the correlation function is Fourier 
transformed a function of frequency is obtained (e.g. like Fourier transforming an FID). 
The spectral density ¿	(•) is the Fourier transform of a correlation function: 
 
 Ì(Ó) 	‹›ﬁﬂ 	¿	(•). (4.8) 
 
The spectral density indicates the amount of motion at a specific frequency •.  The 
amount of motion at the Larmor frequency is simply calculating	¿	(•) when • =	•U.  
 
Figure 4.6. (a) Exponential plot of the correlation function, G(τ), and (b) corresponding 
plots of the spectral density function, J (ω), for three different correlation time, *+. 
The spectral density of an exponential correlation function is a Lorentzian:  
 ïÜzmu 		=’v(ä|Û|ÛÙ) 	 ‹›ﬁﬂ	ïÜzmu 	 2Óm1 +	•uÓmu (4.9) 
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 ∴ ¿	(•) 	= 	ïÜzmu 	 2Óm1 +	•uÓmu. (4.10) 
Figure 4.6 illustrates plots of the spectral density function with different correlation time 
values. The spectral density function has maximum value of 2ïÜzmu 	Óm when • = 	0. It is 
clear the amount of motion decreases with an increase in •. The shorter the correlation 
time, the spectral density spreads out to higher •. This indicates that the area under the 
curves is independent on the correlation time and the spectral density at the Larmor 
frequency can be expressed as:  
 ¿	(•U) 	= 	ïÜzmu 	 2Óm1 +	•uÓmu. (4.11) 
Figure 4.7 shows a plot of the spectral density function at the Larmor frequency against 
the correlation time. At a specific correlation time, the spectral density reaches a 
maximum. This value is reached when •UÓm = 1, ∴ 	 Óm = 1/•U.  The longitudinal 
relaxation rate also has a maximum value when 	Óm = 1/•U  which is later discussed 
further. 
 
Figure 4.7. A plot of the spectral density at the Larmor Frequency, 	,	(-.) , against 
correlation time. A maximum value of the spectral density is reached at 	*+ = &/-.. 
Similarly, to the correlation function, the reduced correlation function (equation 4.6) can 
also be Fourier transformed to generate a reduced spectral density: 
 ê	(Ó) ‹›ﬁﬂ 	^	(•) (4.12) 
 =’v(ä|Û|ÛÙ) 	‹›ﬁﬂ	 2Óm1 +	•uÓmu (4.13) 
 ∴ J(•) = 		ïÜzmu 		^	(•) (4.14) 
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4.2.3 Motional regimes 
 
It is important to understand the correlation between the spectral density at the Larmor 
frequency and correlation time as shown in Figure 4.7. This correlation enables us to 
differentiate between fast and slow motion regimes. As previously mentioned, the 
reduced spectral density at the Larmor frequency is given as:  
 ^	(•U) = 2Óm1 +	•uÓmu (4.15) 
The fast motion regime takes place when •UÓm ≪ 1, so 1 +	•uÓmu 	≈ 1. The reduced 
spectral density in the fast regime is expressed as:  
 ^	(•U) = 	2Óm (4.16) 
Fast motion takes place when the correlation time is extremely short and typically 
involves small molecules. Conversely, the slow-motion regime is when •UÓm ≫ 1. In this 
regime, the correlation time is significantly larger and typically involves larger molecules 
(i.e. small proteins).  
In this case, 1 + •uÓmu 	≈ 	•uÓmu, the reduced spectral density in the slow regime is 
expressed as:  
 ^(•U) = 2	•UuÓm (4.17) 
   
4.3 Populations 
 
4.3.1 Z-magnetisation in terms of populations  
 
Expressing the z-magnetisation[215] in terms of populations of the spin states h (spin up) 
or ì	(spin down) simplifies how to determine the bulk z-magnetisation. Such treatment 
helps us to describe how relaxation takes place. A spin in the h states contributes +ëu ℏ¢ 
to magnetisation and another spin in the ì  states also contributes −ëu ℏ¢  to the bulk 
magnetisation. Therefore, the z-magnetisation will depend on the population difference 
between the two states:  
Chapter 4: Nuclear Magnetic Resonance Relaxation 
 Azzedine A. Dabo - April 2019 74 
 C§ = 	12ℏ¢(>® − >´) (4.18) 
where >® is the population of the h	state and >´ is the population of the ì states. If both 
the h  or ì  states were equal in population, the z-magnetisation would be zero. The 
population of the states at equilibrium is dependent on the Boltzmann distribution:  
 >®U = 	12 	k exp _− ß®G˜Äa (4.19) 
 >U´ = 	12 	k exp _− ß´G˜Äa (4.20) 
The energies of ß®  and ß´  are considerably smaller compared to the G¯Ä . Hence, 
(ß´ /G˜Ä) is significantly smaller than 1: 
 exp(−’) ≈ 1 − ’ (4.21) 
When ’ ≪ 1. Equations 4.19 and 4.20 can therefore be rewritten as:  
 >®U = 	12 	k _1 − ß®G˜Äa (4.22) 
 >U´ = 	12 	k _1 − ß´G˜Äa (4.23) 
The z-magnetisation at equilibrium, C§U can be expressed in terms of populations: 
 C§U = 	12ℏ¢(>®U −	>U´) (4.24) 
 C§U = 	14ℏ¢k ß´ − ß®G˜Ä  (4.25) 
Recalling from Chapter 3, the energy of both h and ì states were expressed as:  
 ß® = 	−	12 ℏγïU (4.26) 
 ß´ = 	+	12 ℏγïU (4.27) 
Therefore, C§U can be written as:  
 C§U = 	¢uℏukïU4G˜Ä  (4.28) 
From equation 4.28, the z-magnetisation at equilibrium is directly proportional to the 
nuclei’s gyromagnetic ratios, strength of the magnetic field and the number of spins. Since 
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it is not feasible to determine the absolute NMR signal, it is more practical to exclude the 
constant and express the z-magnetisation in terms of the population difference:  
 C§ = 	>® −	>´ (4.29) 
 ∴ C§U = 	>®U −	>U´ (4.30) 
 
4.3.2 Relaxation in terms of populations 
 
As previously mentioned, the z-magnetisation is dependent on the population difference 
between the h or ì energy levels. The longitudinal relaxation is the process that pushes 
the z-magnetisation back to equilibrium. Therefore, longitudinal relaxation is generated 
by transitions between these two energy levels. Figure 4.8 illustrates the h or ì energy 
levels and rate of transition.   
 
Figure 4.8. Illustration of the population of the energy level associated with a specific 
spin e.g. α with population 12. 12 will decrease with a transition from α to β state. 
For simplicity, we can assume the rate of transition from h to ì state is proportional to 
the population of the h state, >®: 
 Rate from h to ì = ]®→´>® (4.31) 
Where ]®→´ is the rate constant. Likewise, the rate of transition from ì and h state is 
expressed as:  
 Rate from ì to h = ]´ →®>´ (4.32) 
The overall change of the h state includes two terms, a positive (increase term) and 
negative term (decrease term): 
 Overall rate of chance of >® 	= 	 +]´ →®>´deefeeg[‚m{|8I|	[‚	‚˘ 	 −]®→´>®deefeeg∞|m{|8I|	[‚	‚˘ (4.33) 
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Where the plus sign signifies an increase of population of the ì state while the negative 
sign indicates a decrease of population of the h state. Similarly, the overall change of the ì state can also be expressed as:   
 
Overall rate of change of >´ = 	 +]®→´>®deefeeg[‚m{|8I|	[‚	‚˙ 	 −]´ →®>´deefeeg∞|m{|I|	[‚	‚˙ (4.34) 
At thermal equilibrium, the changes in populations reach steady state. Therefore, the rate 
of change will be zero:  
 0 = ]´ →®>U´−]®→´>®U  (4.35) 
 0 = ]®→´>®U − ]´ →®>U´ (4.36) 
 ∴ 	>®U>U´ = 	 ]´ →®]®→´ (4.37) 
The simple theory commonly used would predict that at thermal equilibrium ]´ →® =	]®→´ and as a result, >®U = 	>U´ which is not always true. As previously mentioned, per 
the Boltzmann distribution, the lower state will have a higher population compared to the 
higher state. To avoid this issue, the equations 4.33 and 4.34 can be rewritten in terms of 
the deviation of the population from equilibrium: 
 Rate of change of >® = 	]®´˚>´ − >U´¸ −	]®´(>® − >®U) (4.38) 
 Rate of change of >´ = 	−]®´˚>´ − >U´¸ +	]®´(>® − >®U) (4.39) 
All the rate constants are expressed as ]®´, which is then multiplied by the population 
deviation from equilibrium (>® − >®U) and ˚>´ − >U´¸ Recalling that equations 4.29: 
 C§ = 	>® −	>´ (4.29) 
 
∴ t~:=	;ó	@ℎ~>ê=	;ó	C§= 	t~:=	;ó	@ℎ~>ê=	;ó>® − 	t~:=	;ó	@ℎ~>@=	;ó>´ (4.40) 
 t~:=	;ó	@ℎ~>ê=	;ó	C§ = 2]®´˚>´ − >U´¸ − 2]®´(>® − >®U) (4.41) 
 t~:=	;ó	@ℎ~>ê=	;ó	C§ = −2]®´Y(>® − >´) − (>®	U − >U´)\ (4.42) 
 t~:=	;ó	@ℎ~>ê=	;ó	C§ = −2]®´(C§ −C§U) (4.43) 
Equation 4.43 can be written in terms of calculus where the rate of change of C§ is a 
derivative with respect to time, πC§/d::  
Chapter 4: Nuclear Magnetic Resonance Relaxation 
Azzedine A. Dabo - April 2019    77 
 πC§(:)d: = 	−9§[C§(:) −	C§U] (4.44) 
where 2]®´ = 	9§	 is the longitudinal relaxation rate constant (9§ = 1/Äë) . The z-
magnetisation is written as	C§(:) to emphasise it is a function of time. 	Äë is known as 
the longitudinal relaxation. Equation 4.44 can be rewritten as:  
 
πC§(:)d: = 	− 1Äë [C§(:) −	C§U] (4.45) 
4.4 Longitudinal (T1) relaxation  
If a 90° RF pulse is applied along the x-axis, the magnetisation will move away from the 
+z-axis (longitudinal plane) onto the +y axis (transverse plane). The process by which the 
bulk magnetisation is restored to thermal equilibrium (along the longitudinal plane) is 
known as longitudinal relaxation (see Figure 4.9).  
 
Figure 4.9. Representation of the T1 relaxation mechanism. 
As previously shown, the z magnetisation (Mz) exponentially returns to equilibrium:  
 πC§(:)d: = 	−9§[C§(:) −	C§U] (4.44) 
Where 9§ is the rate constant for T1 relaxation (or 1/T1), C§(:) is the z-magnetisation as 
a function of time and C§U is the equilibrium z-magnetisation. The negative sign indicates 
with an increase in time, the restoration of the magnetisation also increases. The  9§ 
probes how fast the magnetisation is approaching equilibrium. Each term would be easier 
to comprehend with an example.  If we assume at time zero, the z-magnetisation is C§(0). 
Equation 4.44 can be rearranged to have all the C§ components on the left and the time 
components on the right such as:  
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1{C§(:) −	C§U} 	dC§(:) = 	−9§d: (4.46) 
The left-hand side is integrated with respect to C§(:) and the right-hand side with respect 
to t:  
 ! 1{C§(:) −	C§U} 	dC§(:) = 	−9§d: (4.47) 
 <>{C§(:) −	C§U} = 	−9§: + @;>A:~>: (4.48) 
At time t = 0, equation 4.48 become;  
 <>{C§(0) −	C§U} = @;>A:~>: (4.49) 
Equation 4.49 can be substituted into equation 4.48:  
 <>{C§(:) −	C§U} = 	−9§: + <>{C§(0) −	C§U} (4.50) 
 <> "C§(:) −	C§UC§(0) −	C§U# =	−9§: (4.51) 
Then take exponential on both sides:  
 
C§(:) −	C§UC§(0) −	C§U = 	 =äS$Ñ (4.52) 
 C§(:) = 	 {C§(0) −	C§U}=äS$Ñ + C§U (4.53) 
In specific cases, if the bulk magnetisation is tilted onto the transverse plane, then C§(0) = 0. Therefore, equation 4.53 can be simplified into:  
 
 C§(:) = C§U(1 − =äS$Ñ) (4.54) 
   
4.4.1 Measuring (T1) relaxation 
4.4.1.1 Inversion recovery  
 
A well-known method used to measure T1 relaxation is known as inversion-recovery 
pulse sequence (see Figure 4.10). Initially, a 180°x pulse is applied, which transforms the 
bulk magnetisation from the +z-axis [C§(0)]	onto long the –z-axis (−C§U).  
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Figure 4.10. Inversion recovery pulse sequence. 
This perturbed magnetisation relaxes for a certain time, τ. Finally, a 90°x pulse is applied 
which brings the magnetisation onto the transverse plane so that an FID is recorded (see 
Figure 4.11.a). Knowing t = τ and C§(0) = 	 (−C§U), these values can be substituted into 
equation 4.53 such as:  
 C§(τ) = 	−2C§U=äS$& +C§U (4.55) 
 C§(τ) = 	C§U{1 − 2=äS$&} (4.56) 
 
 
Figure 4.11. (a)Visualisation of the bulk magnetisation during an inversion recovery pulse 
sequence and (b) an inversion recovery plot. 
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The experiment is repeated with incremented values of τ to obtain enough points for a fit. 
The M'(τ) is directly proportional to the peaks signal, S(τ), just before the 90°x is applied. 
Figure 4.11.b illustrates a classic inversion recovery plot. Equation 4.56 can be used to 
find the R1 rate of relaxation of a given sample (see Figure 4.11.b).  
4.4.1.2 Saturation recovery  
 
A major limitation of using inversion recovery is that the magnetisation must return to 
thermal equilibrium before recording another experiment. As previously mentioned, a 
recycle delay of 5xT1 is required to enable the sample to do so. Saturation recovery (see 
Figure 4.12) is not dependent on this recycle delay [247, 248].  
 
Figure 4.12. Saturation recovery pulse sequence. 
Initially, the bulk magnetisation is at equilibrium. Shortly after a train of 90°x pulses are 
applied which saturates the two energy levels (the two levels are equalized). The system 
relaxes for a time delay, τ, which enables the magnetisation to return to equilibrium 
followed by another 90°x to record the FID (see Figure 4.13a). The recovery of the bulk 
magnetisation from the saturated state is expressed as[223]:  
 C§(τ) = 	C§U{1 − =äS$&} (4.57) 
A typical saturation recovery exponential plot is shown in Figure 4.13b. Equation 4.57 
can be used to obtain the T1 relaxation rate. Saturation recovery does not require the 
magnetisation to fully return to thermal equilibrium enabling the recycle delay to be 
considerably shorter compared to inversion recovery technique. This is simply because 
the spin populations of the two energy levels are equalised before each repetition. The 
two energy levels therefore will no longer give a resonance signal (longitudinal 
magnetisation is set to zero). This is a major time saving feature compared to inversion 
recovery pulse sequence [223, 249, 250].  
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Figure 4.13. (a)Visualization of the bulk magnetisation during a saturation recovery pulse 
sequence and (b) a saturation recovery plot. 
 
4.5 Transverse (T2) relaxation 
 
Figure 4.14. Representation of the T2 relaxation mechanism. 
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Per the Bloch theory of NMR, the transverse relaxation (e.g. x-magnetisation, Mx) can 
be expressed as:  
 dC(:)d: = 	−9‘C(:) (4.58) 
where 9‘ is the rate constant for T2 relaxation (or 1/T2). Similarly, to section 4.4 (T1 
equation), the equation can be simplified to prove the magnetisation exponentially decays 
to zero:  
 
dC(:)C(:) = 	−9‘d: (4.59) 
 ! dC(:)C(:) = 	!−9‘d: (4.60) 
 <>C(:) = 	−9‘: + @;>A:~>: (4.61) 
At time t = 0, equation 4.61 becomes;  
 <>C(0) = @;>A: (4.62) 
Equation 4.62 can be substituted into equation 4.61:  
 <>C(:) = 	−9‘: + <>C(0) (4.63) 
 <>C(:) − <>C(0) = 	−9‘: (4.64) 
 <> C(:)C(0) = 	−9‘: (4.65) 
 
C(:)C(0) = 	 =äS()Ñ (4.66) 
 C(:) = 	C(0)=äS()Ñ (4.67) 
The y-magnetisation also decays in the same manner.  
4.5.1 Measuring T2 relaxation 
4.5.1.1 Peak line width at half height 
A quick method to determine the T2 relaxation is by using the peak at half height (equation 
4.65). However, this technique can only be used if there is an absence of inhomogeneous 
broadening. If inhomogeneous broadening is observed, a spin echo pulse sequence can 
be used to determine accurate T2 relaxation time (see Figure 4.14 for an illustration of    
T2 relaxation mechanism). 
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 ∆òë uL = 	 1ºÄu (4.68)                 
   
4.5.1.2 Spin echo (CPMG pulse sequence). 
A spin echo pulse sequence has the ability of refocusing any inhomogeneous broadening 
contributions at the end of the echo[251, 252]. This pulse sequence is based on the spin-
echo pulse sequence (see Figure 4.15).  
 
Figure 4.15. CPMG pulse sequence. 
Initially, a 90°x pulse is applied to transfer the bulk magnetisation from the z-axis onto 
the transverse plane. The spin-echo period (τ-180°x-τ) dictates the decay of the transverse 
magnetisation, Mxy, where τ, is an optimised time delay. It is crucial to optimise the τ 
delay to avoid any J-modulation. Typically, τ is short in comparison to the inverse of any 
spin-spin couplings [253, 254]. The spin-echo period is known as a loop, which is 
repeated for a set number of times (n). Finally, the FID is acquired and stored. Figure 
4.16, illustrates how the bulk magnetisation is distorted during the CPMG pulse sequence. 
As shown in Figure 4.16a, the final τ delay, refocuses the spins and hence an echo is 
formed. The T2 relaxation is obtained by repeating the CPMG pulse sequence with 
incremented loop numbers (e.g. 2,4,6….). The height of each echo decreases with an 
increase in loop number due to T2 de-phasing.  
 
Equation 4.69 can be used to determine the transverse relaxation. An exponentially 
decaying plot of transverse relaxation over incremented τ delays is shown in Figure 4.16b 
 
 C‘(Ó) = 	C‘(0)=äS()Û (4.69) 
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Figure 4.16. (a) Visualization of the bulk magnetisation during a CPMG pulse sequence 
and (b) a CPMG exponential plot. 
4.6 Relaxation rates in the fast and slow motional regime 
Nevertheless, it is essential to comprehend how both the longitudinal and transverse 
relaxation rate constant (9§ and	9‘	) compare in fast and slow motion regimes. In the 
fast motion regime, ^(•U) = 	2Óm and independent of motional regime, ^(0) = 	2Óm. Both 
longitudinal and transverse relaxation rates are:  
 In the fast motion regime:	9§ = 	 ¢uïÜzmu*****	^(•U) (4.70) 
 =	2¢uïÜzmu*****	Óm (4.71) 
and 
 In the fast motion regime: 9‘	 = ëu ¢uïÜzmu*****	^(0) +	ëu ¢uïÜzmu*****	^(•U) (4.72) 
 = ¢uïÜzmu*****	Óm +	¢uïÜzmu*****	Óm (4.73) 
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 = 2¢uïÜzmu*****	Óm (4.74) 
Equations 4.71 and 4.74 illustrate the fast motion regime of both relaxation rate constants 
are exactly equal. This is because spectral density is independent of frequency. Similarly, 
in the slow-motion regime,	^(0) = 	2Óm and the reduced spectral density at the Larmor 
frequency becomes:  
 ^	(•U) = Óm	•uÓm (4.75) 
Therefore, the longitudinal rate constant in the slow-motion regime is:  
 In the slow-motion regime: 	9§ = 	 ¢uïÜzmu*****	^(•U) (4.76) 
     																		= 	 2¢uïÜzmu*****	•uÓm  (4.77) 
In the slow-motion regime, the longitudinal rate constant is inversely proportional to 
correlation time. As the correlation time increases, the rate constant decreases.  In 
comparison, the transverse rate constant goes up with an increase in correlation time:  
 
In the slow-motion regime:                                                       	9‘ = 	 ëu ¢uïÜzmu*****	^(0) +	ëu ¢uïÜzmu*****	^(•U) (4.78) 
         = ¢uïÜzmu*****	Óm (4.79) 
where ^(•U) = 	0  as it is negligible in contrast to 	^(0) . This is due to the secular 
contribution of the transverse rate constant. Additionally, both 	9§  and 	9‘  can be 
expressed in terms of dipolar constant (Î)[216]: 
 
 Î = 	 †U4º ℏ¢utã  (4.80) 
 	9§ = 1Äë = 	 310 Îu{^(•U) + 4^(2•U)} (4.81) 
 	9‘ = 	 1Äu = 320 Îu{3^(0) + 5^(•U) + 2^(2•U)} (4.82) 
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Figure 4.17. Plot of longitudinal (4" ) and transverse (4$# ) relaxation rates against 
correlation time, *+. 
Figure 4.17 illustrates the plots of both relaxation rate constants against correlation time. 
The fast motion regime is observed where the two rate constants are equal. As a 
correlation time increases, the longitudinal rate constant also increases until it reaches a 
maximum. Recall that ^(•U) is maximum where •UÓm = 1, at this value 	9§ reaches its 
maximum rate.  As correlation increases further, 	9§ gradually reduces. In comparison, 	9‘ steadily rises with the increase in correlation time.   
 
4.7 Longitudinal dipolar relaxation of two spins 
 
4.7.1 Energy levels and transition rates 
 
It is crucial to understand the relaxation mechanism of two coupled spins that are 
interacting via dipolar coupling. As previously mentioned, two coupled spins are 
associated with 4 energy levels as shown in Figure 4.18. The main point of interest of this 
figure is to illustrate whether the relaxation processes can cause transitions between these 
energy levels. Dipolar interactions can cause relaxation-induced transitions between any 
two energy levels. Each single transition has a specific rate constant associated with it, 
which is expressed as W∆- where the subscript ∆M indicates the change in total magnetic 
quantum number that is associated with the transition. Single quantum transition rates 
also include a superscript that indicates the position of the flipped spin and the spin of 
interest respectively.  
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Figure 4.18.  Energy levels of a two-spin system with transitions rates, W, caused by 
dipolar relaxation. 
Furthermore, it is possible to describe how the population of the energy levels changes as 
a function of time. This is achieved by considering both the gain and loss process of 
energy level. The rate of change of the population of the energy level 1 can be expressed 
as:  
 
d>ëd: = 	−]ë(u,®)(>ë − >ëU) −]ë(ë,®)(>ë − >ëU) −]u(>ë − >ëU)deeeeeeeeeeeeeeeefeeeeeeeeeeeeeeeeg(ÜzII	≠{zK	|‚|{·‘	Ü|.|Ü	ë)  
(4.83) 
 +]ë(u,®)(>u − >uU)deeeefeeeeg·8[‚	≠{zK	Ü|.|Ü	u +]ë(ë,®)(>ã − >ãU)deeeefeeeeg·8[‚	≠{zK	Ü|.|Ü	ã + ]u(>≥ − >≥U)deeefeeeg·8[‚	≠{zK	Ü|.|Ü	≥ 
where >[ is the population of the ith level and >[U is the equilibrium population of the 
same level. The negative and positive sign in equation 4.83 indicate a loss and gain in the 
population of the energy level respectively. This differential equation can be simplified 
by writing the magnetisation in terms of the populations. The spin 1 total z-magnetisation úë§ can be expressed as:  
 úë§ = (>ë − >ã) + (>u − >≥) (4.84) 
The primary reason why equation 4.84 is associated with (>ë − >ã) and (>u − >≥)	is 
because both are transitions associated with spin 1. Similarly, this can also be applied to 
spin 2 such as:  
 úu§ = (>ë − >u) + (>ã − >≥) (4.85) 
Another magnetisation term also must be taken into consideration, which is dependent on 
the difference in the population difference across the spin 1 levels:  
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 2úë§úu§ = (>ë − >ã) − (>u − >≥)	;t	(>ë − >u) − (>ã − >≥) (4.86) 
Conversely, the z-magnetisation also has equilibrium values which are defined in terms 
of equilibrium populations (at equilibrium, 2úë§úu§ = 0):  
 úë§U = 	>ëU − >ãU + >uU − >≥U (4.87) 
 úu§U = 	>ëU − >uU + >ãU − >≥U (4.88) 
After a lot of tedious algebra, the rate equations for the population of the individual 
spins can be expressed as[255]:  
 dúë§d: = 	−9§(ë)(úë§ − úë§U ) − Æëu(úu§ − úu§U ) (4.89) 
 dúu§d: = 	−Æëu(úë§ − úë§U ) − 9§(u)(úu§ − úu§U ) (4.90) 
 d2úë§úu§d: = 	−9§(ë,u)2úë§úu§ (4.91) 
where the rate constants are:  
 9§(ë) = 2]ë(ë) +]u +	]U (4.92) 
 9§(u) = 2]ë(u) +]u +	]U (4.93) 
 Æëu = ]u −	]U. (4.94) 
 9§(ë,u) = 2]ë(ë) +	2]ë(u) (4.95) 
 
These equations are known as the Solomon equations for the relaxation of spin h and β.  9§(ë) is the self-relaxation rate constant of spin 1. Similarly, 9§(u) is the self-relaxation rate 
constant for spin 2. The  Æëu rate constant describes the rate at which the magnetisation 
is transferred from spin 1 to 2. This is known as cross-relaxation rate constant between 
spin 1 and 2. This cross-relaxation connects the z-magnetisation of the two spins. The 
cross-relaxation phenomenon is mainly responsible for the nuclear Overhauser effect 
(NOE). The NOE effect has been widely used in solution NMR for structural 
characterization of molecules due to its dependence to dipolar coupling [256, 257]. 
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4.8 Chemical exchange 
 
Transverse local fields which oscillate near the Larmor frequency lead to longitudinal 
relaxation. These fields can affect both the y- and x-components of the individual 
magnetic moment and hence also cause transverse relaxation. This is known as the non-
secular contribution to transverse relaxation, which the rate depends on ¿	(•U) . 
Therefore, this non-secular contribution was already covered. However, another 
contribution known as the secular contribution is also present. This contribution is caused 
by the z-components of the local fields. The secular contribution rate depends on ¿(0). A 
way of understanding the origin of this secular contribution is by understanding a process 
known as chemical exchange. The process where a nucleus exchanges between two or 
more environments is known as NMR chemical exchange (see Figure 4.19). This process 
can have a severe effect on the spectra observed (chemical shift) and relaxation properties 
of a nucleus.  
For simplicity, we can consider chemical exchange between two sites (A and B) as shown 
below:  
 à	Gë⇌	Guï (4.96) 
Where Gë is the forward exchange rate constant of A to B and Gu is the reverse exchange 
rate constant. The equilibrium constant (K|2) can be calculated as:  
 K|2 = GëGu (4.97) 
However, what is observed in Figure 4.19 heavily depends on the comparison between 
exchange rate constants (G|) and the separation between the resonances (Δ•) of the two 
sites. Δ• can be expressed as:  
 
 Δ• = 	•3 - •˜ (4.98) 
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Figure 4.19.  Illustrating the effect of chemical exchange on lineshape. The figure shows 
a simulated 1D NMR spectra for nuclei exchanging between two distinct chemical 
environments. Adapted from [258, 259].  
Table 4.1 shows the relationship between the resonance separation (Δ•) and exchange 
rate constants (G|). The chemical exchange theory is explained in the following section.  
Table 4.1. The effect of chemical exchange (at different regime) on the characteristics 
of the NMR spectrum observed. 
Chemical Exchange  Rate G|and Δò Comparison Observed Spectrum 
Very slow G| ≪ 	Δ• Two Resonances 
Slow G| < 	Δ• Two Broadened Resonances 
Intermediate G| ≈ 	Δ• Complex Lineshape 
Fast G| > 	Δ• Single Broadened Resonance 





Chapter 4: Nuclear Magnetic Resonance Relaxation 
Azzedine A. Dabo - April 2019    91 
4.8.1 Slow chemical exchange 
If the exchange rate constant is smaller than the resonance separation, two resonances 
will be observed as shown in Figure 4.19. This is due to the resonances at •3and at •˜. 
This is known as slow chemical exchange.  
 
4.8.2 Very Slow chemical exchange  
 
When the exchange rate is extremely small compared to the resonance separation of the 
two resonances, this is known as very slow chemical exchange. The peak intensity of each 
environment is proportional to the population of each state. Consequently, the equilibrium 
constant can be calculated from the line intensities:  
 N|2 =	 ú˜ú3  (4.99) 
If the exchange rate is way smaller than transverse relaxation rate R2, the exchange may 
have little or no effect on the line width. However, if the exchange rate is faster than R1, 
other methods such as exchange spectroscopy (EXSY) can be used to determine rate of 
exchange[260]. As mentioned in Chapter 3, if the system is going through very slow 
chemical exchange, a cross peak between the two sites (•3and at •˜) will be observed in 
the 2D spectra.  2D EXSY experiment can also be used to quantify the rate of exchange 
in a system by following the signal intensity of the cross peak as a function of the mixing 
time[261]. Nonetheless, this process can be time consuming.  
 
In this time regime, it is possible to obtain both the equilibrium constant and the rate 
constants of the system. The equilibrium constant can be obtained from the integrated 
intensities of each resonance. Thus, the ratio of the forward and reverse rate of exchange 
can also be used as follows:  
 K|2 =	 ú>:=>AB:6˜ú>:=>AB:63 =	 GëGë + GuGuGë + Gu = 	 GëGu (4.100) 
Moreover, both the forward and reverse rate constants can be determined by measuring 
the difference in peak line width due to the chemical exchange:  
 ºΔòë/u3 = 9u3 +	Gë (4.101) 
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 ºΔòë/u˜ = 9u˜ +	Gë (4.102) 
Where Δò is peak at half height and R2 is transverse relaxation rate. R2 values can be 
determined by using a CPMG pulse sequence.  
 
4.8.3 Slow to intermediate exchange:  
 
Once the rate of exchange between the two sites increases, at one point the two resonances 
merge into one peak and are said to have coalesced. At the so-called coalescence point, 
the peak flattens out. Once the rate goes above the coalescence point, a single peak is 
observed. At this point, the system enters the fast-intermediate regime.  
 
4.8.4 Fast Chemical exchange  
 
If the exchange rate is much larger than then resonance separation, only one set of 
resonance will be observed and this is known as fast chemical exchange. The single 
resonance observed is dependent on the weighted average of chemical shifts of the two 
individual environments: 
 • =	v3•3 +	v˜•˜ (4.103) 
Where v3 and v˜ represents the population of environments A and B respectively. The 
observed transverse relaxation rate 9uziIcan be expressed as[262]:  
 9uziI = 1/ÄuziI (4.104) 
 9uziI = 	9uU +	v3v˜(Δ•)uG|  (4.105) 
 9uU = 1/ÄuU (4.106) 
Where 9uU is the transverse relaxation rate in the absence of exchange. From this equation, 
it is apparent that the dynamic properties of the system can be difficult to probe via line 
shape analysis since Δ• , v3  and v˜  are normally unknown. An increase in the rate 
constant can further reduce the peak linewidth. This mechanism is known as exchange 
narrowing.  
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4.8.5 Differentiating fast and slow chemical exchange 
It is apparent that if two separated resonances are observed, the system is going through 
slow chemical exchange. Nevertheless, if one single resonance is observed, this doesn’t 
necessarily mean the system is going through fast chemical exchange. This could also 
indicate the system is going through slow chemical exchange where the population of one 
environment is considerably smaller than the other (e.g. v˜ ≪	v3) resulting in the second 
resonance not being observed on the NMR spectra. This mystery can be solved using two 
methods.  
4.8.5.1 Temperature dependence 
Change in temperature enables us to probe the timescale of the chemical exchange. 
Temperature is directly proportional to the chemical exchange rate. Additionally, the 
chemical exchange rate is also dependent on the activation enthalpy, Δá7, for exchange: 
 G| 	∝ 	 =ä89:S›  (4.107) 
If the system is in the slow chemical exchange regime, increase in temperature leads to 
line broadening which indicates the system is transitioning towards the intermediate 
exchange regime. However, narrowing of the line width does not always indicate the 
system is going through fast chemical exchange. The narrowing of lines occurs 
irrespective of the chemical exchange due to the reduction of the correlation time with 
increase in temperature. Unless the temperature dependence of the activation enthalpy of 
for exchange is greater than the correlation time, it is extremely difficult to determine 
whether the system is going through fast chemical exchange.  
4.8.5.2 Magnetic field dependence 
Another way to differentiate between fast and slow chemical rate regime is by using 
different magnetic fields. If the system is going through very slow chemical exchange, 
the resonance line will broaden due to the exchange rate constant, Gë: 
 9u,3ziI = 	9u,3U +	Gë (4.108) 
Where 9u,3ziI is the transverse relaxation rate in presence of chemical exchange and 9u,3U  
with absence of chemical exchange for environment A. As clearly shown in equation 
4.108, the resonance line width is independent of magnetic field strength. On the other 
hand, if the system is going through fast chemical exchange, the resonance line width is:  
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 9uziI = 	9uU +	v8vi(Δ•)uG|  (4.109) 
In the fast-chemical exchange regime, the line width contribution due to exchange 
depends on the square of the magnetic field (Δ•u)[263].  
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5 1H HIGH RESOLUTION MAGIC 
ANGLE SPINNING RELAXATION 
METHOD DEVELOPMENT AND 
OPTIMISATION                 
5.1 Abstract  
Over the years, 1H high resolution magic angle spinning NMR (1H HR MAS NMR) 
relaxation techniques have been used to probe the molecular motion of various systems. 
In this study, we propose a series of systematic steps for achieving the optimum 
experimental conditions for acquiring reliable, reproducible and robust quantitative 1H 
HR MAS NMR T1 and T2 relaxation measurements for a variety of analytes, mobile 
phases and RP-HPLC stationary phases (heterogeneous systems). We determined the 
impact of several factors during our NMR method development such as: (1) rotor sizes, 
(2) radio frequency (RF) pulse powers, (3) T1 pulse sequences, (4) spinning frequency, 
(5) temperature, (6) analyte concentration, (7) mobile phase ratio, (8) organic solvent, (9) 
buffer, (10) mixtures of analytes, (11) analyte chemical and physical properties and (12) 
DSS concentration effect on 1H HR MAS NMR spectra and relaxation measurements. 
The repeatability and robustness of our developed and optimised method was determined 
via statistical tests. Furthermore, the effect of sample preparation on the method 
reproducibility was also determined through a linear regression statistical model.  
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5.2  Introduction  
 
Acquiring an atomic scale resolution measurement of the structural arrangement and 
molecular motion of a series of compounds in the presence of RP-HPLC mobile phases 
and stationary phases may provide some insight into the molecular interactions between 
analytes and stationary phases and thus provide an additional molecular (system) 
descriptor for a quantitative structure retention relationship (QSRR) in silico model. NMR 
spectrometry is well known for its utility in structural elucidation and it has also been 
used to probe the dynamic characteristics of chromatographic separation processes (see 
Chapter 1). In particular,  1H high resolution magic angle spinning (MAS) NMR has been 
particularly exploited to achieve insight into chromatographic analyte stationary phase 
interactions. MAS is essential for minimising any anisotropic interaction including 
magnetic susceptibility, chemical shift anisotropy and other line-broadening mechanisms 
within the system [264, 265]. This technique has allowed scientists to determine the 
chemical structures of a variety of HPLC stationary phases in a non-destructive way [66, 
68, 266-269]. 
Recent advances in 1H HR-MAS NMR longitudinal (T1)[215] and transverse (T2) NMR 
relaxation measurements enable us to probe site specific information about the molecular 
dynamic properties of chromatographic separation processes.  
However, several factors can affect the reliability and sensitivity of NMR relaxation 
measurements such as long longitudinal relaxation times, heterogeneous systems, 
temperature, analyte concentration, quality of shimming, rotor spinning frequency and 
pulse sequences delays. The optimisation of each factor can improve the sensitivity and 
resolution of our 1H HR-MAS NMR relaxation measurements. For the purposes of the 
thesis of this body of work, it was important that we  systematically optimised an 
approach for quantitative NMR relaxation measurements on analyte-stationary phase 
systems which would be robust for all chromatographic systems analysed so relaxation 
times could be compared without significant error. The primary motivation of this study 
was therefore to determine the optimal experimental conditions for acquiring reliable and 
reproducible NMR relaxation measurements between a series of analytes, mobile phases 
and RP-HPLC stationary phases. Furthermore, the robustness, repeatability and 
reproducibility of optimised NMR relaxation method and sample preparation was 
determined via statistical methodologies.   
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5.3 Experimental  
5.3.1 Materials  
 
Figure 5.1. Chemical structure of molecules considered in this study. 
 
The analytes considered in this study included: aniline, benzoic acid, uracil, 4-
hydroxybenzoic acid, vanillic acid, syringic acid, toluene, naphthalene, beta estradiol, 
anthraquione, anthracene, 3, 5 di-tert-butyl 4 hydroxybenzoic acid and 3 hydroxybenzoic 
acid (see Figure 5.1). 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) was added to the 
samples as an internal reference. The considered solvents were deuterium oxide and 
acetonitrile. All the chemicals were purchased from Sigma Aldrich and used without 
further purification.  The following stationary phase materials were obtained from 
commercially available XBridgeTM columns with particle sizes of 5 µm and average pore 
diameter of 145 Å: BEH-C18 (~17% w/w carbon loading), BEH-phenyl (~15% w/w 
carbon loading), BEH-RP18 (~16% w/w carbon loading), CSH hexyl-phenyl (~14% w/w 
carbon loading) and HSS T3 (~11% w/w carbon loading). Pfizer has an experimental 
screening method for new compounds which uses the combination of these stationary 
phases and mobile phases to provide a range of selectivity.  
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5.3.2 NMR Method 
 
For the samples with analytes in the presence of mobile phase and absence of stationary 
phase (“solution only”), 80 µL of the analyte was measured using an automated pipette 
and then placed into a 4 mm rotor. For the analytes with added stationary phase, 10 mg 
of stationary phase was initially packed into the rotor followed by addition of 60 µL of 
the dissolved analyte measured using an automated pipette and then additional 10 mg of 
stationary phase (see Figure 5.2). 
 
 
Figure 5.2. Illustration of (a) aniline in solution only and (b) aniline in the presence of 
BEH C18 stationary phase. 
1H HR MAS NMR experiments were conducted on a Bruker UltraShield 500 
Spectrometer operating at 500 MHz 1H Larmor frequency. The prepared samples were 
placed into 4 mm ZrO2 MAS rotors (Bruker Biospin, Rhein-stetten, Germany) with no 
spacer. The rotor was spun using high pressure nitrogen at the magic angle (θ = 54.4°) at 
a spinning speed of 5 kHz at 313 K. The 1H HR MAS NMR experiments were conducted 
using a 90° one-pulse sequence, where 8 transients were collected into 20 k data points 
over a spectral width of 20000 Hz (40 ppm) with an acquisition time of 1 second. 
Exponential line-broadening of 0.5 Hz was applied before FT. 
 
5.3.3 Inversion recovery  
 
1H T1 was measured by using a standard inversion-recovery pulse sequence (180º – τ – 
90º– FID) with pulse nutation frequencies of 25 kHz. 8 transients were collected into 20 
k data points over a spectral width of 20000 Hz (40 ppm) with an acquisition time of 1 
seconds, relaxation delay of 16 seconds and where τ (the recovery time) was ranged from 
Chapter 5: 1H High Resolution Magic Angle Spinning Relaxation Method Development and Optimisation 
Azzedine A. Dabo - April 2019    99 
0 to 5 seconds with increments of 0.5 seconds. Exponential line-broadening of 2.0 Hz 
was applied before FT.  The 1H T1 values were calculated by applying an exponential 
fitting of the peaks integration. Data were plotted and fitted to model equations in 
TopSpin 3.2 
 
5.3.4 Saturation recovery  
 
1H T1 was also measured by using a standard saturation-recovery pulse sequence 
(saturation – τ – 90º– FID) with pulse nutation frequencies of 25 kHz. 8 transients were 
collected into 20 k data points over a spectral width of 20000 Hz (40 ppm) with an 
acquisition time of 1 second, relaxation delay of 2 seconds and where the recovery time 
was ranged from 0 to 30 seconds. Exponential line-broadening of 2.0 Hz was applied 
before FT.  The 1H T1 values were calculated by applying an exponential fitting of the 
peaks integration. Data were plotted and fitted to model equations in TopSpin 3.2. 
 
5.3.5 Transverse Relaxation (T2) Measurements CPMG pulse sequence  
 
1H T2 relaxation times were measured by using the CPMG pulse sequence (90° - [τ – 180° 
– τ]n – FID) with a pulse nutation frequency of 25 kHz. 8 transients were collected into 
20 k data points over a spectral width of 20000 Hz (40 ppm) with an acquisition time of 
1 second, relaxation delay of 16 seconds, spin echo time (ts) of 1.2 ms, loop time was 
fixed at 2.5 ms and the number of loops (n) were varied accordingly to obtain relaxation 
curves with the peak intensity decaying below 30% of its initial value.  
 
5.4 Results  
 
5.4.1 NMR method compared to HPLC 
 
To achieve an accurate comparison between the HPLC and NMR techniques several 
experimental parameters were taken into consideration as shown in Table 5.1. Obtaining 
identical experimental conditions between the techniques is impossible with the 
equipment available in our facility. However, experimental parameters such as 
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temperature, mobile phase composition and buffers were kept constant. The ratio mobile 
phase and stationary phase packed rotor was determined from previous studies [92, 93, 
270] and also optimised to determine ratio provided more reproducibility and repeatable 
results.  
The concentration of analytes used in the NMR experiments are considerably higher 
compared to the HPLC technique in order to obtain sufficient sensitivity for practical 
applications. The 1H HR MAS experiments could potentially be ran at lower 
concentrations (50~5 mM) but would potentially take days to weeks compared to 30 
minutes for obtaining reliable quantitative relaxation measurements. This is because the 
NMR peaks intensities are directly proportional to concentration and therefore must be 
carefully selected. Higher sample concentrations in HPLC analyses do not affect the 
elution order of the analytes but primarily affect peak shape (height, width and symmetry) 
which in turn can affect the resolution between closely eluting peaks. Despite a desire to 
match sample concentration between the two techniques, we were unable to achieve 
adequate sensitivity in the NMR measurements so needed to increase sample 
concentration for our NMR experiments.   
As shown in section 5.4.7, various concentrations were initially investigated. An 
appropriate concentration was used throughout this project to improve the robustness, 
reliability and repeatability of our optimised method which we have achieved and 
demonstrated in section 5.4.14.  
Table 5.1. Comparison of NMR and HPLC experimental conditions 
Parameters NMR HPLC 
Temperature 40 °C 40 °C 
Mobile phase 50:50 (% v/v) MeCN:D2O 50:50 (% v/v) MeCN:H2O 
Stationary phases 20 mg added into rotor ~2.5 g 
Flow No flow (60 µL) 1.0 mL/min 
Buffers No buffer added No buffer added 
Concentration 0.5 M ~5 mM 
Data collected 
1H spectra, T1 and T2 
relaxation 
Chromatogram and retention 
times 
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5.4.2 Rotor sizes 
 
4 mm NMR rotors were used in previous literature studies [91-95, 270] to investigate 
chromatographic systems under 1H HR MAS NMR. We explored using different rotor 
sizes for instance 3.2 and 2.5 mm. Analytes dissolved in solution were able to spin (~ 5 
kHz spinning frequency), however in the presence of the stationary phases, it was 
impossible to get the rotors (3.2 and 2.5 mm) to either stabilise or even spin in most cases. 
This could easily lead to the rotor crashing and potentially destroying the probe’s stator. 
Using a smaller rotor size reduces the amount of analyte, mobile phase and stationary 
phase investigated in turn the signal to noise whilst simultaneously increasing the run 
times. Larger rotor sizes (e.g. 7 mm) could potentially be used at the expense of using 
more stationary phase. After some investigations therefore, the 4 mm rotor  size used in 
previous literature studies was also selected for experiments in this body of work.  
 
5.4.3 Radio frequency (RF) pulse powers  
 
During the early stages of 1H T1 and T2 relaxation measurements, 100 kHz nutation 
frequency was used for 1H 90° pulses. However, in some cases such power led to rf 
induced sample heating in the NMR rotor. This was observable by a shift of the 
temperature-sensitive water peak over time of both T1 and T2 relaxation measurements. 
Figure 5.3 illustrates how induced sample heating takes place during long RF pulsing. 
This induced heating can be minimised by using lower RF powers, E-free probe, lower 
analyte concentration, smaller NMR rotor and by cooling down the sample [238, 271, 
272] (see Figure A.1 and A.2 in appendix). To avoid such complication, the nutation 
frequency was reduced to 25 kHz for both T1 and T2 relaxation pulses sequences. 
Negligible sample heating is observed at 25 kHz nutation frequency. 
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Figure 5.3. 1H 600 MHz NMR spectra of water peaks in 100 mM phosphate buffer (pH 
5.5) in 4 mm rotor. From top to bottom, the 1H irradiation nutation frequencies of the RF 
pulse were 83 kHz, 71 kHz, 50 kHz, 30 kHz and 15 kHz respectively. The black spectra 
represent the reference with short, 10 µs, pulse only. The blue spectra depict experiments 
with long, 30 ms, irradiation with nutation frequencies specified in the top left corner of 
the spectrum. The spectra with the long RF irradiation (blue) were scaled for the intensity 
to match that of the experiments with short RF irradiation pulse lengths (black). All 
spectra were acquired at 298 K target temperature at 10 kHz spinning frequency. 
 
5.4.4  T1 pulse sequence  
 
Throughout the experiments, saturation recovery pulse sequence was used instead of 
inversion recovery. This was because inversion recovery when used during the 
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preliminary stages of this study resulted in low reproducibility of T1 relaxation 
measurements. This effect may be attributable to insufficiently long recycling delays 
(recycling delay > 5T1) during which, magnetisation had inadequate time to return to 
equilibrium [273, 274]. As previously mentioned, saturation recovery does not require 
the magnetisation to return to equilibrium in comparison to inversion recovery [275, 276]. 
This enabled us to use a shorter recycling delay and therefore reduced the overall running 
time and cost of our T1 relaxation experiments [247, 277]. 
 
5.4.5 Spinning frequency  
 
The spinning frequency dependence of T1 and T2 relaxation was also investigated. If the 
spinning frequency employed is on the same order or larger than the overall strength of 
bulk magnetic susceptibility, high resolution spectra of heterogeneous systems can be 
obtained. Samples containing solid particles usually exhibit broad NMR peaks due to 
homo- and hetero-nuclear dipolar coupling, chemical shift anisotropy and quadrupolar 
interactions. The difference of magnetic susceptibility within heterogenous samples tends 
to reduce the resolution. As previously mentioned, HR-MAS NMR has the ability to 
produce high resolution NMR spectra. This spectral resolution improvement by MAS is 
due to the Hamiltonians describing the dipolar, CSA and magnetic susceptibility 
interactions all containing an orientation component which scales as at (3cos2√-1) where √ is the angle between the spinning axis and applied magnetic field [278]. For samples 
where residual dipolar interactions or difference in magnetic susceptibility are small, 
MAS can reduce the line width to mimic those observed in solution state HR-NMR 
spectroscopy. Moderate magic angle spinning frequency is required to average the bulk 
magnetic susceptibility [278]. However, the spinning frequency must be selected 
carefully to ensure the residual spinning sidebands fall outside the spectral window. 
Typically, for heterogeneous samples, MAS speeds between 1 to 2 kHz are sufficient to 
improve the resolution observed. Several studies have utilised various spinning 
frequencies to determine the effect on spectra resolution [279-281]. 
Figures 5.4 and 5.5 illustrate the effect of spinning frequency on the 1H HR MAS NMR 
spectra of aniline dissolved in 50:50 (% v/v) MeCN:D2O in the presence of HSS T3 RP-
HPLC stationary phase. Under static conditions (0 kHz spinning frequency), broad peaks 
are observed at approximately 4.2 and 7.0 ppm which corresponds to the water and 
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aromatic proton peaks of aniline respectively. As illustrated in Figure 5.4, a spinning 
frequency of 2 kHz is sufficient to improve the resolution of the NMR spectrum. The 
peak at 0 ppm corresponds to the DSS signal. Low intensity and broad peaks were 
observed at 0.8 and 1.25 ppm which corresponds to the CH3 and CH2 groups of HSS T3 
stationary phase. The water peak is observed at approximately 4.2 ppm. The peaks 
between 6.0 and 8.0 ppm correspond to the aromatic protons of aniline. As demonstrated 
in Figure 5.5, four well resolved peaks at 7.15 ppm, 7.08 ppm, 6.77 ppm and 6.65 ppm. 
The two sets of aromatic protons peaks represent aniline, which is “free” in solution and 
“bound” to the reversed phase stationary phases. Furthermore, the T1 and T2 relaxation of 
the aromatic protons of aniline was obtained as a function of spinning frequency. Figure 
5.6 illustrates the average measured T1 and T2 relaxation values of aniline against spinning 
frequency. As illustrated in Figure 5.6, the T1 and T2 relaxation slightly changed with an 
increase in spinning frequency. This likely due to a change in sample temperature due to 
frictional heating induced by spinning [271], which is not fully compensated by the 
applied cooling.  
 
 
Figure 5.4. 500 MHz 1H HR-MAS NMR spectra of aniline in the presence of HSS T3 
stationary phase at 313 K and (a) 0.0, (b) 2.0, (c) 4.0, (d) 5.0, (e) 8.0 and (f) 10.0 kHz 
spinning frequency.  
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Figure 5.5. 500 MHz 1H HR-MAS NMR spectra (aromatic protons) of aniline in the 
presence of HSS T3 stationary phase at 313 K and (a) 0.0, (b) 2.0, (c) 4.0, (d) 5.0, (e) 8.0 
and (f) 10.0 kHz spinning frequency. Note: no signal is observed in the aromatic region 
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Figure 5.6. 500 MHz 1H HR-MAS weighted average T1 and T2 relaxation of aniline in 
the presence of BEH-C18 against varied spinning frequency (kHz). 
 
During the early stages of NMR method development, T1 and T2 relaxation measurements 
were acquired using a 2 kHz spinning frequency. However, when repeating the 
experiments, both T1 and T2 were significantly different when utilising the same packed 
rotor. This could be because the spinning frequency fluctuates at low spinning speed. 
MAS spinning stability is achieved at higher spinning rates. However, induced frictional 
heating can be introduced by employing high spinning frequencies [271]. Therefore, a 5-
kHz spinning frequency with controlled temperatures using a variable temperature unit 
(VT-unit) was used throughout the study which enabled us to improve the robustness, 
repeatability and reproducibly of our NMR method as later demonstrated.  
 
5.4.6 Temperature dependence on relaxation 
 
The 1H HR MAS NMR spectra of aniline in solution only and in the presence of RP-
HPLC stationary phases were obtained at various temperatures. This was to determine 
the effect of temperature on the molecular motion of aniline in the presence of five RP-
HPLC stationary phases.  
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Figure 5.7. 1D 1H HR-MAS NMR spectra of 0.5 M aniline in 50:50 % v/v of MeCN:D2O 
mobile phase (i) in the absence of stationary phases (solution only) and in the presence of 
either (ii) BEH-C18, or (iii) BEH-phenyl, or (iv) BEH-RP18, or (v) CSH hexyl-phenyl or 
(vi) HSS T3 stationary phases with varied temperature of (a) 293, (b) 298, (c) 303, (d) 
308 and (e) 313 K. All spectra were obtained at 500 MHz spectrometer with 5.0 kHz 





Chapter 5: 1H High Resolution Magic Angle Spinning Relaxation Method Development and Optimisation 




Figure 5.8. 1D 1H HR-MAS NMR spectra of 0.5 M aniline (aromatic region) in 50:50 % 
v/v of MeCN:D2O mobile phase (i) in the absence of stationary phases (solution only) 
and in the presence of either (ii) BEH-C18, or (iii) BEH-phenyl, or (iv) BEH-RP18, or 
(v) CSH hexyl-phenyl or (vi) HSS T3 stationary phases with varied temperature of (a) 
293, (b) 298, (c) 303, (d) 308 and (e) 313 K. All spectra were obtained at 500 MHz 
spectrometer with 5.0 kHz spinning frequency.   
 
The 1H HR MAS NMR spectra of aniline in solution only and in presence of the five 
selected RP-HPLC stationary phases are shown in Figure 5.7 and 5.8. Both “free” (free 
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analyte in solution) and “bound” peaks (analyte bound to the stationary phase) of aniline 
in the presence of stationary phase were observed. The “free” peaks can be assigned as 
the free in solution fraction of aniline molecules and the “bound” peaks as aniline bound 
to the RP-HPLC stationary phases. This indicates aniline is going through a two-site slow 
chemical exchange.  Similar 1H HR MAS NMR spectra were previously published [95, 
282]. The spectra of aniline across the 5 different temperatures show negligible 
differences. In some cases, the chemical shift difference between the ‘free” and ‘bound’ 
peaks gradually reduced with an increase in temperature (see Figure 5.8). This could 
suggest aniline is gradually going from slow to intermediate exchange regime.  
The spectra of aniline in solution only (50:50 MeCN:D2O v/v) and in the presence of five 
different RP-HPLC stationary phases at 313 K is demonstrated in Figure 5.9. As shown 
in Figure 5.9, the “bound” peaks of aniline across the  RP-HPLC stationary phases were 
dependent upon the stationary phase material used. For instance, the chemical shift 
difference between the “free” and “bound” peaks, “bound” peak intensities and “bound” 
peak width all varied across the stationary phases. This suggests, the chemical exchange 
rates of aniline in the presence of stationary phase is dependent on the RP-HPLC 
stationary phases (see Figure 5.9). 
With an increase in temperature from 293 to 313 K, both the T1 values of free and bound 
aromatic protons of aniline increases (see Figure 5.10 and Table A.1 in appendix). On the 
other hand, the T2 values of free and bound aromatic protons of aniline slightly reduced 
with the increase in temperature (see Figure 5.11 and Table A.1 in appendix).  
As illustrated in Figure 5.10, the T1 relaxation value increases with an increase of 
temperature. It can be assumed, an increase in temperature reduces the correlation time 
and therefore increases the T1 relaxation. However, this trend was not observed with the 
T2 relaxation values as demonstrated in Figure 5.11. The primary reason for this 
observation is because T2 relaxation is dependent on both molecular tumbling and 
chemical exchange. The rate of exchange increases with an increase in temperature, with 
the rate of increase dependent on the activation enthalpy, ∆á7, for exchange [240]:  
 
 G| ∝ 	 =ä∆9:/S› (5.2) 
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Figure 5.9. 1D 1H HR-MAS NMR spectra of 0.5 M aniline (aromatic region) in 50:50 % 
v/v of MeCN:D2O mobile phase (i) in the absence of stationary phases (solution only) 
and in the presence of either (ii) BEH-C18, or (iii) BEH-phenyl, or (iv) BEH-RP18, or 
(v) CSH hexyl-phenyl or (vi) HSS T3 stationary phases. All spectra were obtained at 500 
MHz spectrometer at 313 K and 5.0 kHz spinning frequency.   
 
As observed in Figure 5.8, the increase in temperature reduced the spacing between the 
“free” and “bound” peaks of aniline which implies the system is gradually transitioning 
from slow to intermediate exchange. Knowing the exchange rate is inversely proportional 
to T2 relaxation [240], an increase in temperatures increases the exchange rate and 
therefore will reduce the observed T2 relaxation values as shown in Figure 5.11. The 
bound aromatic proton T1 and T2 values of aniline were significantly smaller than the free 
aromatic protons which would indicate slow molecular motion taking place with an 
increase in temperature.  
 
Chapter 5: 1H High Resolution Magic Angle Spinning Relaxation Method Development and Optimisation 





Figure 5.10. 500 MHz 1H HR-MAS T1 relaxation of aniline in (a) solution only, (b) BEH-
C18, (c) BEH-phenyl, (d) BEH-RP18, (e) CSH hexyl-phenyl and (f) HSS T3 against 
varied temperatures of 293, 298, 303, 308 and 313 K. All spectra were obtained at 500 
MHz spectrometer with 5.0 kHz spinning frequency.   
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Figure 5.11. 500 MHz 1H HR-MAS T2 relaxation of aniline in (a) solution only, (b) BEH-
C18, (c) BEH-phenyl, (d) BEH-RP18, (e) CSH hexyl-phenyl and (f) HSS T3 against 
varied temperatures of 293, 298, 303, 308 and 313 K. 
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5.4.7 Analyte concentration dependence on 1H HR MAS NMR spectra 
 
The next step of this study was determining the optimal analyte concentration to achieve 
the best signal to noise ratio of the 1H HR MAS NMR spectrum of analytes free in solution 
and in the presence of RP-HPLC stationary phases. If the analyte concentration is 
relatively low, this will lead to poor peaks intensities and therefore low reproducibility of 
T1 and T2 measurements. On the other hand, if the analyte concentration is too high, this 
will lead to higher temperature gradients within the rotor and furthermore both probe 
tuning and shimming would be harder to achieve. In addition, higher concentrations of 
analytes also deviate more from the conditions under which HPLC experiments are 
undertaken.  
 
The 1H HR MAS NMR spectra of aniline at 0.25, 0.50 and 1.00 M concentrations was 
acquired to determine the dependence of analyte concentration on 1H HR MAS NMR 
spectra as shown in Figure 5.12 and 5.13. To obtain comparable results, all three 
concentrations of aniline were run under identical experimental conditions (e.g. number 
of scans, delays, pulse powers etc.). The highest signal to noise ratio of aniline in solution 
only was obtained with a concentration of 1.00 M followed by 0.50 and 0.25 M. However, 
with added RP-HPLC stationary phase, both 1.00 M and 0.50 M concentrations showed 
similar peaks intensities for the “free” peaks while the “bound” peaks were more resolved 
and observable with the 0.5 M concentration. On the other hand, aniline with a 
concentration of 0.25 M showed very low intensity peaks. This would eventually lead to 
noisy and difficult to reproduce T1 and T2 relaxation exponential plots. Smaller peak 
intensity of the “bound” of aniline with a concentration of 1.0 M was observed compared 
to 0.25 and 0.5 M. Using the 1H NMR integrals of aniline (unbound aromatic protons) 
and the CH2 peaks of BEH-C18 stationary phase, the mole ratio of aniline to RP-HPLC 
stationary phases at 0.25, 0.5 and 1.0 M were approximately 1:0.51, 1:0.26 and 1:0.17 
respectively. Although the amount of stationary phase packed in the NMR rotor was kept 
constant, the molar ratio of [aniline]/[stationary phases] gets larger with increasing 
[aniline]. Analyte concentration of 0.25 M led to irreproducible T1 and T2 relaxation plots. 
As a result, analyte concentration of 0.5 M was used during the rest of this study. 
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Figure 5.12. 1D 1H HR-MAS NMR spectra of aniline in 50:50 % v/v of MeCN:D2O 
mobile phase (i) in the absence of stationary phases (solution only) and in the presence of 
(ii) BEH-C18 with concentrations of (a) 0.25 M, (b) 0.50 M and (c) 1.00 M. All spectra 
were obtained at 500 MHz spectrometer at 313 K and 5.0 kHz spinning frequency.   
 
Figure 5.13. 1D 1H HR-MAS NMR spectra of aniline (aromatic region) in 50:50 % v/v 
of MeCN:D2O mobile phase (i) in the absence of stationary phases (solution only) and in 
the presence of (ii) BEH-C18 with concentrations of (a) 0.25 M, (b) 0.50 M and (c) 1.00 
M. All spectra were obtained at 500 MHz spectrometer at 313 K and 5.0 kHz spinning 
frequency.   
 
Chapter 5: 1H High Resolution Magic Angle Spinning Relaxation Method Development and Optimisation 
Azzedine A. Dabo - April 2019    115 
5.4.8 Dependence of 1H spectra on mobile phase ratio  
 
As a rule of thumb, a higher percentage of organic solvent will elute the analytes faster 
under similar RP-HPLC experimental conditions. Therefore, we obtained the 1H HR 
MAS NMR spectra of toluene dissolved in MeCN:D2O at 50:50, 70:30 and 90:10 (% v/v) 
as shown in Figure 5.14 and Figure 5.15. The mobile phase ratio was investigated using 
toluene to determine the effect of organic solvents on analyte with both aromatic and 
methyl protons. 
The peak at 0 ppm corresponds to the DSS signal. Low intensity and broad peaks were 
observed at 0.8 and 1.25 ppm which corresponds to the CH3 and CH2 groups of BEH-
C18 stationary phase. The CH3 groups of toluene were observed at approximately 2.4 
ppm. The water peaks were observed at 2.5, 3.7 and 4.2 ppm with 90:10, 70:30 and 50:50 
MeCN:D2O (% v/v) respectively. The peaks between 6.8 and 7.4 ppm correspond to the 
aromatic protons of toluene. The “bound” and “free” peaks of toluene are clearly assigned 
as demonstrated in Figure 5.15. Both the aromatic and methyl “bound” peaks of toluene 
with an increase of acetonitrile shifted closer to the “free” peaks. Additionally, the 
“bound” peaks signal intensity also reduced with an increase of acetonitrile as shown in 
Figure 5.15 which suggests toluene is transitioning from slow chemical exchange into 
intermediate-fast chemical exchange.  
Using the 1H NMR integrals of toluene (aromatic protons) and the CH2 peaks of BEH-
C18 stationary phase, the mole ratio of toluene to the RP-HPLC stationary phases with a 
mobile phase composition of 50:50, 70:30 and 90:10 MeCN:D2O (% v/v) were 
approximately 1:0.55, 1:0.27 and 1:0.14 respectively. Even though the amount of 
stationary phase packed in the rotor was kept constant, the mole ratio of analyte to 
stationary phase reduced significantly with an increase of organic solvent which 
supplements why toluene is transition from slow to intermediate-fast exchange regime.  
As a rule of thumb, increasing the organic solvent ratio in a mobile phase in RP-HPLC 
decreases the polarity of the mobile phase and as a result increases the retention time of 
the analytes [283, 284]. Therefore, the spectra of toluene in Figure 5.15 could suggest the 
exchange rate between toluene (aromatic and methyl protons) and BEH-C18 phase 
increases with higher organic solvent content. Thus, the mobile phases used in both NMR 
and RP-HPLC experiments were kept the same unless stated otherwise (e.g. MeCN:D2O 
at 50:50 (% v/v) would be used in both techniques). 
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Figure 5.14. 1D 1H HR-MAS NMR spectra of aniline in (a) 50:50, (b) 70:30 and (c) 90:10 
% v/v of MeCN:D2O mobile phase in the presence of BEH-C18 stationary phase. All 
spectra were obtained at 500 MHz spectrometer at 313 K and 5.0 kHz spinning frequency.   
 
Figure 5.15. 1D 1H HR-MAS NMR spectra of aniline (aromatic and methyl protons) in 
(a) 50:50, (b) 70:30 and (c) 90:10 % v/v of MeCN:D2O mobile phase in the presence of 
BEH-C18 stationary phase. All spectra were obtained at 500 MHz spectrometer at 313 K 
and 5.0 kHz spinning frequency.   
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5.4.9  1H relaxation dependence on organic solvent  
To determine the effect of organic solvent on the 1H relaxation measurements, both T1 
and T2 relaxation of aniline dissolved in 50:50 MeCN:D2O and MeOH:D2O were 
obtained. As illustrated in Figure 5.16 and 5.17, aniline is in slow exchange in both types 
of mobile phase. The difference between the two mobile phases as illustrated in Figure 
5.16 , is the peak observed between 4 to 5 ppm which is due to the different organic 
solvent used. However, the different mobile phases influence the relaxation to different 
extent. For example, both the observed line widths and relaxation measurements (see 
Table A. 2 in the appendix) indicate large difference in of T2 relaxation of aniline in the 
presence of stationary phases compared to solution only when dissolved in MeOH:D2O. 
As illustrated in Figure 5.17, the “bound” peaks of aniline across the 5 RP-HPLC 
stationary phase were dependent on the stationary phase and mobile phase used. This 
suggests, the chemical exchange rates of aniline in the presence of stationary phase is 
dependent on both the organic solvent and RP-HPLC stationary phases. Therefore, it is 
important to use similar mobile phases in both NMR and RP-HPLC techniques.  
 
Figure 5.16. 1D 1H HR-MAS NMR spectra of aniline in 50:50 % v/v of MeCN:D2O (left) 
and  MeOH:D2O (right) mobile phase (from top to bottom): in the absence of stationary 
phases (solution only) and in the presence of either BEH-C18, or BEH-phenyl, or BEH-
RP18, or CSH hexyl-phenyl or HSS T3 stationary phases as indicated on the left of each 
spectrum. All spectra were obtained at 500 MHz spectrometer at 313 K and 5.0 kHz 
spinning frequency. 
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Figure 5.17. 1D 1H HR-MAS NMR spectra of aniline (aromatic region) in 50:50 % v/v 
of MeCN:D2O (left) and  MeOH:D2O (right) mobile phase (from top to bottom): in the 
absence of stationary phases (solution only) and in the presence of either BEH-C18, or 
BEH-phenyl, or BEH-RP18, or CSH hexyl-phenyl or HSS T3 stationary phases as 
indicated on the left of each spectrum. All spectra were obtained at 500 MHz spectrometer 
at 313 K and 5.0 kHz spinning frequency. 
 
5.4.10 Buffer effect on 1H relaxation 
 
During our NMR method development, we used ammonium acetate buffer to control the 
pH of the mobile phase. The pH was adjusted accordingly using weak acid and bases to 
match the HPLC mobile phase pH. Due to the high analyte concentration (e.g. 0.5 M) 
used in the NMR experiments, the ammonium acetate buffer concentration was similarly 
high to be within its buffering capacity (e.g. 0.25 M). However, we discovered adjusting 
the pH led to few complications such as: (1) the pH dramatically affected the T2 relaxation 
plots (e.g. bi exponential instead of mono exponential plots were observed) and (2) due 
to the high salt content of the buffer, probe power calibration and power optimisation 
were nearly impossible. These complications led to irreproducible and inconsistent data 
obtained. To overcome this issue, both NMR and HPLC measurements were obtained 
with non-buffered mobile phases.  
 
Chapter 5: 1H High Resolution Magic Angle Spinning Relaxation Method Development and Optimisation 
Azzedine A. Dabo - April 2019    119 
5.4.11 Analysing mixtures  
 
An alternative approach of stabilising the pH of the analytes, the relaxation measurements 
were obtained on two mixtures of several analytes. This would enable us to save both 
experimental time and run the analytes under specific pH conditions. Mixture 1 contained 
uracil, benzoic acid and aniline while mixture 2 was made up of 4 hydroxybenzoic acid, 
vanillic acid and syringic acid. 
For instance, if mixture 1 dissolved 50:50 (% v/v) has a final pH of approximately 6.4, 
the HPLC mobile phase can be adjusted to approximately 6.4 to match that of mixture 1. 
This could potentially enable us to run experiments at various pH. On average, T1 and T2 
relaxation measurements of an analyte in the presence of stationary phase can 
approximately take 1 hour 20 minutes. Running the samples as a mixture of 3 analytes 
saves approximately 2 hours 40 minutes in the presence of one stationary phase or 16 
hours in solution only and in the presence of 5 stationary phases. 
Well resolved 1H HR MAS NMR spectra of each mixture in solution only and in the 
presence of BEH-C18, BEH-phenyl, BEH-RP18, CSH hexyl-phenyl and HSS T3 was 
obtained. All the analytes apart from aniline were going through fast chemical exchange. 
Aniline was undergoing slow chemical exchange, which suggests aniline is in close 
contact with the RP-HPLC stationary phases.  
To understand the molecular tumbling and interaction of the mixtures in the presence of 
the stationary phase T2 relaxation rates were also obtained. However, in some cases, the 
exponential decaying T2 plots of the mixtures were not exponential but biexponential and 
multiexponential which suggests that multiple processes contribute to the observed 
relaxation rates. Additionally, in some cases the aromatic protons peaks of the analytes 
overlapped with one another.  
Furthermore, some mixtures of analytes can potentially interact with one another which 
add further complications to the data analysis. Thus, analysing the analytes individually 
has proven easier to interpret with fewer complications encountered.  
 
5.4.12 Dependence of 1H spectra on analyte chemical and physical properties  
The physical and chemical properties of each analyte was taken into consideration during 
the early phases of this project. Some analytes (e.g. beta estradiol and anthraquinone) 
Chapter 5: 1H High Resolution Magic Angle Spinning Relaxation Method Development and Optimisation 
 Azzedine A. Dabo - April 2019 120 
showed poor solubility in the HPLC mobile phases. The resulting dilute solutions led to 
poor 1H spectra (see Figure 5.18 and 5.19) and make it challenging to obtain relaxation 
measurements of quality required for quantification. Therefore, it is crucial to consider 
both the chemical and physical properties of the compounds when selecting the series of 
analytes to be investigated further in this study.  
 
Figure 5.18. 1D 1H HR-MAS NMR spectrum of (a) beta estradiol, (b) anthraquinone, (c) 
anthracene and (d) 3,5 di-tert-butyl 4-hydroxybenzoic acid in 50:50 % v/v of MeCN:D2O 
All spectra were obtained at 500 MHz spectrometer at 313 K and 5.0 kHz spinning 
frequency. 
 
Figure 5.19. 1D 1H HR-MAS NMR spectrum (aromatic protons) of (a) beta estradiol, (b) 
anthraquinone, (c) anthracene and (d) 3,5 di-tert-butyl 4-hydroxybenzoic acid in 50:50 % 
v/v of MeCN:D2O All spectra were obtained at 500 MHz spectrometer at 313 K and 5.0 
kHz spinning frequency. 
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5.4.13 DSS  
DSS (4,4-dimethyl-4-silapentane-1-sulfonic acid) is used as a referencing compound in a 
wide range of 1H NMR spectroscopy experiments [285-287]. During this study, we also 
used the DSS peak for shimming purposes to obtain the highest peak intensities. Three 
different DSS concentrations were used to determine the effect of DSS on 1H HR MAS 
NMR spectra.  
 
Figure 5.20. 1D 1H HR-MAS NMR spectra of aniline in 50:50 % v/v of MeCN:D2O 
mobile phase (i) in the absence of stationary phases (solution only) and in the presence of 
(ii) BEH-C18 with DSS concentrations of (a) 0.1 M, (b) 0.2 M and (c) 0.3 M. All spectra 
were obtained at 500 MHz spectrometer at 313 K and 5.0 kHz spinning frequency.   
 
Figure 5.21. 1D 1H HR-MAS NMR spectra of aniline in 50:50 % v/v of MeCN:D2O 
mobile phase (i) in the absence of stationary phases (solution only) and in the presence of 
(ii) BEH-C18 (zoomed on the DSS 1H peak) with DSS concentrations of (a) 0.1 M, (b) 
0.2 M and (c) 0.3 M. All spectra were obtained at 500 MHz spectrometer at 313 K and 
5.0 kHz spinning frequency.   
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The spectra of aniline in solution only and in the presence of BEH-C18 at various 
concentrations is shown in Figure 5.20. The singlet peak of DSS at different concentration 
is shown in Figure 5.21. The lowest peak intensity was observed with a concentration of 
0.1 M. Low peak intensity make it harder to shim the probe as efficiently as possible. 
Conversely, both DSS at 0.2 and 0.3 M showed higher peaks intensities with little or no 
significant difference. As a result, DSS concentration of 0.2 M was used during the rest 
of this study. Additionally, Figure 5.21 suggests the DSS peaks does not bind onto the 
stationary phase as it is not in the slow exchange regime in comparison to aniline 
illustrated in Figure 5.22. As illustrated in Figure 5.22, DSS at 0.3 M altered the chemical 
exchange regime of aniline in the presence of BEH-C18. This could suggest, DSS at 0.3 
M concentrations interferes with the analyte to stationary phase interactions. The peak 
intensity of DSS is relatively low and therefore, reliable and accurate T1 and T2 relaxation 
measurements of DSS were not obtainable. 
 
Figure 5.22. 1D 1H HR-MAS NMR spectra (aromatic region) of aniline in 50:50 % v/v 
of MeCN:D2O mobile phase (i) in the absence of stationary phases (solution only) and in 
the presence of (ii) BEH-C18 with DSS concentrations of (a) 0.1 M, (b) 0.2 M and (c) 0.3 
M. All spectra were obtained at 500 MHz spectrometer at 313 K and 5.0 kHz spinning 
frequency.   
5.4.14 Statistical analysis 
Once the 1H HR MAS NMR relaxation method was finalised, the robustness and 
repeatability of the developed method was determined. To establish the reliability and 
reproducibility of the method, both T1 and T2 measurements were obtained on the same 
sample. A two-way paired sample t-test was used to analyse the repeated sample 
measurements. This paired sample t-test will indicate the method robustness and 
repeatability. The null and alternative hypotheses are as follows:  
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• Ho (null) = the mean relaxation values of aniline (with BEH-C18) at different 
time of the day are both equal.  
• Hi (alternative) = the mean relaxation of aniline (with BEH-C18) at different 
times are greater or lower than one another.  
The measurements discussed in this section are of aniline in the presence of BEH-C18 
stationary phase. The statistical results are shown in Table 5.2. The p value of the paired 
sample t-test for both T1 and T2 were well above 0.05 (0.45 and 0.25 respectively) which 
indicates this method has a good repeatability and reproducibility.  
Table 5.2. Statistical summary (T1 and T2 relaxation) of aniline in the presence of BEH-
C18 measured on different times of the day. Where mean: average of the relaxation 
values, SD: the standard deviation, SEM: standard error of the mean and P Value: the 
paired t-test score. The SD and SEM was calculated from the aromatic protons of aniline  
Relaxation Sample Mean SD SEM P value 
T1 
1 5.19 1.58 0.79 
0.45 
2 5.20 1.48 0.74 
T2 
1 1.67 0.10 0.05 
0.25 
2 1.74 0.24 0.12 
To further understand the effect of sample preparation on the method, 2 sets of T1 and T2 
measurements of aniline in the presence of BEH-C18 stationary phase were obtained. The 
first set includes 3 measurements obtained on the same packed sample (set 1) while the 
other was made up of 3 different prepared samples (set 2). A linear regression model can 
be used to determine the standard error within the measurements:  
 6[ = ìë;[ + ìU + <[ 	→ <?(?=~A7t=	~	vt;:;>) (5.1) 
Where 6[ is the dependent variable, ìë;[ is the linear component, ìU is the 6 intercept,  <[  is the error term, ?=~A7t=  represent the individual relaxation measurements and vt;:;> the specific assigned proton of aniline in the presence of BEH-C18. The standard 
error (S) of each set of relaxation measurement can be calculated by using the following 
equation:  
 
Fu = 18ÔÔ(6[Z −mªãZªë{ª≥[ªë 6*[)u (5.2) 
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A hypothesis test can be used to determine the effect of sample preparation on the 
robustness and repeatability of the method where the null and alternative hypotheses are 
as follows (at a 95% level of confidence):  
• Ho (null) = the standard error of the two sets of measurements are equal.   
• Hi (alternative) = the standard error of the two set of measurements are greater 
or lower than one another.  
This hypothesis can be mathematically expressed as:  
 
Dt;v;t:B;>	;ó	ò~tB~:B;> = 	 Æëu(A=:	1)Æëu + Æuu(A=:	2) (5.3) 
where set 1 measurements are primarily dependent on method errors (Æëu) while set 2 
measurements are dependent on both the method and sample preparation errors (Æëu +Æuu). Table 5.3 illustrates the summary of each model obtained. Each model was generated 
via Rstudio 3.3.3 (see console statistical script 1 in appendix). As illustrated in Table 5.3, 
there is a significant difference between the standard error of both T1 and T2 relaxation 
measurements of aniline in the presence of BEH-C18 of the repeated packed sample and 
separately prepared sample. However, since both proportion of variation of T1 and T2 
were approximately 0.35 and 0.06, we fail to reject the alternative hypothesis. This 
indicates that sample preparation affects the reproducibility and robustness of the data 
obtained. However, we must consider the relaxation measurements could potentially be 
different due to nature of random molecular motion. 










Same packed sample 3 0.07 




Same packed sample 3 0.02 
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5.5 Conclusion 
 
The results presented in this study demonstrated that 1H HR MAS NMR spectra, T1 and 
T2 relaxation measurements are dependent on a series of experimental parameters and 
conditions. Randomly selecting each experimental parameter can lead to several errors in 
the NMR relaxation measurements. Such errors can be avoided by a systematic method 
development and optimisation of several experimental parameters as proved in this study. 
More importantly, the physico-chemical properties of each analyte must be taken into 
consideration under these experimental conditions. The statistical analysis used in this 
study confirms that both our method and sample preparation has a good repeatability and 
reproducibility. It was determined that sample preparation influences the method 
repeatability but not significantly enough to affect the developed NMR method 
robustness and reproducibility.  
Furthermore, this developed and optimised NMR relaxation method will be used to 
probe the molecular tumbling of a library of 15 analytes, 2 mobile phases and 5 RP-
HPLC stationary phases which is discussed in Chapter 8.  
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6 STRUCTURAL CHARACTERISATION 
OF ALIPHATIC CHAIN AND PHENYL 
BONDED SILICA RP HPLC 
STATIONARY PHASES  
6.1 Abstract 
 
The surface morphology and chemical makeup of BEH-C18, BEH-Phenyl, BEH-RP18, 
CSH Phenyl-Hexyl and HSS T3 were investigated using atomic force microscopy (AFM), 
Raman and NMR spectroscopy. AFM was used to determine the surface topography and 
morphology of the stationary phases. Raman spectroscopy was utilised to characterise the 
different bonds present across the investigated reversed phase HPLC (RP-HPLC) 
stationary phases. 1H magic angle spinning (MAS) NMR, 13C and 29Si cross polarisation 
magic angle spinning (CP/MAS) NMR were also used to characterise the molecular 
structures of the RP-HPLC stationary phases.  
 
Keywords: surface morphology, structural characteristics, atomic force microscopy, 
topography, Raman spectroscopy, RP-HPLC stationary phases, 1H HR-MAS NMR, 13C 
and 29Si CP/MAS NMR. 
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6.2 Introduction  
 
Over the years, a vast number of chromatographic stationary phases have been developed 
to increase the range of compounds applicable across a variety of industrial sectors. 
Furthermore, several improvements have been achieved to increase the robustness and 
efficiency of stationary phases. The improvement of stationary phase chemistries (e.g. 
trifunctional or sterically hindered monofunctional silanes) [288-290] has proven 
successful for improving the column chemical stability at low and high pH. However, the 
silica supporting material is equally important for separation selectivity. Thus, several 
innovations have occurred over the years of the silica supporting material in RP-HPLC. 
 
In 2005, Waters released new RP-HPLC columns known as ACQUITY UPLCTM BEH 
(ethylene-bridged hybrid) technology columns. BEH Technology TM allowed for an 
increase in the pH range of experimental conditions whilst offering potential for improved 
peak symmetry, temperature stability, and column efficiency [291]. The BEH linkage was 
achieved by embedding bridged ethane in the silica matrix. Furthermore, numerous 
functionalities in BEH technology columns were manufactured by Waters to extend the 
selectivity range of different compounds (see Figure 6.1). 
 
For instance, XbridgeTM C18 with chemical stability over a large range of pH (1-12) has 
a wider range of analyte selectivity. XbridgeTM Phenyl is known a very stable phenyl 
embedded phase. In contrast, XbridgeTM Shield RP18 has an embedded polar carbamate 
group which has the ability of retaining phenolic compounds and improving peak shapes 
of basic analytes [292-299]. 
 
Both XbridgeTM C18 and Phenyl phases have embedded trifunctional silanes while a 
patented monofunctional silane is embedded into the XbridgeTM RP18 [292] (see Figure 
6.1). All the stationary phases mentioned are manufactured via a proprietary endcapping 
method for achieving excellent peak shapes for basic compounds and optimal pH 
stability.  
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Figure 6.1. Molecular structures of BEH-C18, BEH-Phenyl, BEH shield RP18, CSH 
Phenyl-Hexyl and HSS T3. The circles represent the silica particles. 
Yet, one of the main challenges encountered in RP-HPLC was the ability to obtain 
excellent efficiency, reproducibility and selectivity. This challenge was solved by the 
invention of a charged surface hybrid (CSH) column particle [300]. Depending on the 
mobile phase, the surface charge of the CSH particle varies. For instance, the use of acidic 
mobile phases leads to a low-level positive surface charge while basic mobile phases 
ionise the silanol groups which leads to a negative surface charge. This surface charge 
characteristic of the CSH particle is essential for its selectivity power. More importantly, 
the surface charge material has a major impact on ionised analytes [301-303]. The bonded 
ligand groups of the ACQUITY UPLC® CSH particles were carefully selected by Waters 
to achieve optimal peak shapes, selectivity, pH stability and efficiency. The CSH Phenyl-
Hexyl RP-HPLC phases have built-in trifunctional bonding chemistries and end capped 
via a proprietary process to achieve optimal chemical stability and peak shapes. 
Furthermore, a high-strength silica (HSS) particle was developed to improve the stability 
and lifetime of the stationary phases. Additionally, propriety T3-bonding is attached to 
the silica particle for enhanced selectivity. This T3 bonding uses a trifunctional C18 alkyl 
phase which enables superb performance, peak shape and longer retention for polar 
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compounds. Depending on the system used, different particle sizes are commercially 
available for each stationary phase shown in Figure 6.1. Typically, 5 and 3.5 µm particle 
sizes are used for high performance liquid chromatography (HPLC) systems and 1.7 µm 
particle sizes are used ultra-performance liquid chromatography (UPLC) [304, 305].  
Even though several stationary phases are commercially available, BEH-C18, BEH-
Phenyl, BEH-RP18, CSH Phenyl-Hexyl and HSS T3 stationary phases were carefully 
selected based on the orthogonal selectivity offered for the analytes selectivity we were 
investigating throughout this study and the robustness of the phases with time. 
Several spectroscopy methods have previously been reported to characterise the 
molecular arrangement of many RP-HPLC phases. For instance, atomic force microscopy 
(AFM) [306, 307] for mapping the surface morphology of the phases and Raman 
spectroscopy[308] for identify different bonds present in various RP-HPLC stationary 
phases. Furthermore, 1H HR-MAS, 13C and 29Si CP/MAS NMR [71, 309-314] have been 
successful over the years for understanding the molecular arrangements and dynamic 
motion of several stationary phases at an atomic level. 
In this study, AFM, Raman and solid-state NMR spectroscopy methods are utilised to 
determine the atomic scale structural and morphology characteristics of BEH-C18, BEH-
Phenyl, BEH-RP18, CSH Phenyl-Hexyl and HSS T3 stationary phases used throughout 
this study. The latter three phases mentioned have not yet been investigated using these 





Each of the RP-HPLC stationary phase materials are commercially available and were 
ordered from Waters Corporation Ltd. (Hertfordshire, UK). The RP-HPLC columns were 
emptied to acquire the stationary phases packing materials. The physical and chemical 
properties of each stationary phase are shown in Table 6.1. Each property was previously 
discussed in Chapter 2. 
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Table 6.1. Physical and chemical properties of commercially available RP-HPLC 
stationary phases. 
 C18 Phenyl Shield RP18 Phenyl-Hexyl HSS T3 
Particle 




3.1 3.0 3.3 2.3 1.6 
Particle Size 
(µm) 1.7 1.7 1.7 1.7 1.7 
Pore Size 
(Å) 130 130 130 130 100 
Surface Area 
(m2/g) 185 185 185 185 230 
Pore Volume 
(cc/g) 0.7 0.7 0.7 0.7 0.7 
% Carbon 
Load 18 15 17 14 11 
End Capped Yes Yes Yes Yes Yes 
 
6.3.2  Atomic force microscopy method  
AFM images of BEH-C18, BEH-Phenyl, BEH-RP18, CSH Phenyl-Hexyl and HSS T3 
topography were recorded in air, using Bioscope Catalyst microscope with a Nanoscope 
V controller (Veeco). Images were acquired in tapping mode using silicon-tips on a 
nitride lever with a spring constant of 0.35 Nm-1 according to manufacturer (SNL-10, 
Bruker). 
6.3.3 Raman spectroscopy method  
The Raman spectra of the 5 stationary phases were obtained using a Renishaw inVia 
reflex Raman microscope with a 532-nm laser attached to a CCD detector. Only 10% (1.4 
mW) of the optimum laser power was used in these experiments. An exposure time of 10 
seconds and 2 accumulations was used. A small amount of each stationary phase was 
used to obtain the Raman spectra. The Raman spectra were recorded on different spots of 
each stationary phase for reproducibility and repeatability. All spectra obtained were 
baseline corrected and extracted using inVia WIRE software.  
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6.3.4 Solid State NMR method  
 
The NMR experiments were carried out using a 500 MHz Bruker Avance III with a 
magnetic field of 11.75 T. A 4 mm triple resonance MAS probe was used. The stationary 
phases were packed into individual 4 mm ZrO2 rotors. A spinning frequency of 10 kHz 
was used across all the solid-state MAS NMR experiments. All spectra were obtained at 
298 K. The 1H HR-MAS NMR spectra were recorded using a single pulse experiment 
with a 25-kHz nutation frequency and 2 seconds recycling delay. The 13C CP/MAS NMR 
spectra were obtained using a proton 90° pulse length of 2.5 µs with a contact time and 
recycling delay of 0.7 ms and 2 seconds, respectively.  
The 29Si CP/MAS NMR spectra were recorded using a proton 90° pulse length of 2.5 µs 
with a contact time and recycling delay of 8.0 ms and 5 seconds, respectively. The 1H, 
13C and 29Si NMR spectra were externally referenced and shimmed to DSS, alanine and 
kaolinite (relative to TMS) respectively. Furthermore, the three mentioned references 
were used for pulse optimization and calibration. These referencing compounds were 
used as they provide good signal to noise ratio, easy to handle and are primarily used in 
Warwick University NMR group. 
6.4 Results and Discussion  
6.4.1 Atomic force microscopy 
The morphology and topography of the stationary phase surface was investigated by 
AFM. The atomic force micrographs of the RP-HPLC five stationary phases studied are 
illustrated in Figure 6.2 and 6.3. The images were obtained on 2 different scan sizes. The 
largest scale images (5µm x 5µm and 3.1 x 5µm), represented in Figure 6.2, confirm that 
four of the column materials are spherical in shape. Note importantly, that AFM at this 
scale was not performed on HSS T3 stationary phase, though, Raman spectroscopy 
images were used to confirm its spherical shape characteristics (see Figure A.3 and A.4 
in appendix). The range of particle sizes across the 4 stationary phases as illustrated in 
Figure 6.2 were expected. As previously established, the particle size cannot be defined 
as a single value but as a distribution of the particles over a range of sizes [170]. The 
particle size of HPLC packing material is usually the mean value of all particle diameters 
[315-317].  
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Figure 6.2. AFM images of four RP-HPLC stationary phases: (a) BEH-C18, (b) BEH-
Phenyl, (c) BEH-RP18 and (d) CSH Phenyl-Hexyl. Each scanning size and depth (z-
range) is indicated on each corresponding image. 
However, the smaller scaled images (1µm x 1µm and 0.5 µm x 0.5µm) enable us to gain 
morphological and topographical information about the column particles as shown in 
Figure 6.3. The results indicate pores within the particles. 
 
Figure 6.3. AFM images of five RP-HPLC stationary phases: (a) BEH-C18, (b) BEH-
Phenyl, (c) BEH-RP18, (d) CSH Phenyl-Hexyl and (e) HSS T3. Each scanning sizes and 
depth (z-range) is indicated on each corresponding image. The z-axis scale of each image 
indicates the depth of individual pores in the scanned area of each stationary phase.  
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Furthermore, the analytes are mainly retained in the particle internal pores rather than on 
the particle surface. Theses pores form approximately 99% of the total surface area of the 
particle [104]. AFM images show that BEH-C18 and HSS T3 surfaces have the most 
heterogeneous topography, ranging from 105 to 85 nm respectively.  
 
6.4.2 Raman spectroscopy 
Raman spectroscopy was used to determine the characteristics of the bonds and ligands 
presents in the 5 RP-HPLC stationary phases. The non-subtracted Raman spectra of the 
five investigated stationary phases were obtained as illustrated in Figure 6.4 and 6.5 for 
the C-C stretching and C-H bending regions (low wavenumber region) and C-H stretching 
region (high wavenumber region) respectively. The spectrum obtained of BEH-C18 
indicated that peaks present at ~1200 and ~1400 cm-1 are due to the methylene twisting 
(T(CH2)) and methyl asymmetric bending and methylene scissoring (da (CH3) and dsci 
(CH2)) respectively. Similar peaks were also observed with HSS T3 but with lower signal 
intensities.  
However, significantly different well-resolved peaks were observed with BEH-Phenyl 
stationary phase. In the low wavenumber region, several peaks were observed at 1000, 
1200, 1350 and 1560 cm-1 which was due to the in-phase ring stretching ‘breathing’ (n(C-
C)breath), aryl-methine stretching (ØI (C-C)quad), methyl symmetric bending (ds (CH3)), 
carbon-carbon asymmetric and symmetric ‘quadrant’ ring stretching (na(C-C)quad and 
ns(C-C)quad) of the mono-substituted Phenyl rings were respectively observed. 
Similar results and band notations were previously reported by Doyle et al. [318]. Both 
BEH-RP18 and CSH Phenyl-Hexyl show little or no peaks present in the low 
wavenumber region. In the high wavenumber region, a major band was observed across 
all five stationary phases as shown in Figure 6.5. This high intensity band at 
approximately 2890 cm-1 is due to the methylene asymmetric stretching (na(CH2)) and 
symmetric stretching of the methyl groups [318-320] (ns(CH3)). The low intensity bands 
at around 2724 cm-1 are due to methylene twisting [321] (T(CH2)T.G). A low intensity band 
at around 3060 cm-1 was observed in the presence of both BEH-Phenyl and CSH Phenyl-
Hexyl which exhibit aryl ring C-H stretching[318, 319].  
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Figure 6.4. Raw, non-subtracted, Raman vibrational spectra in the low wavenumber 
region for the C-C stretching and C-H bending region of (a) BEH-C18, (b) BEH-Phenyl, 
(c) BEH-RP18, (d) CSH Phenyl-Hexyl and (e) HSS T3.  
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Figure 6.5. Raw, non-subtracted, Raman vibrational spectra in the high wavenumber 
region for C-H stretching region of (a) BEH-C18, (b) BEH-Phenyl, (c) BEH-RP18, (d) 
CSH Phenyl-Hexyl and (e) HSS T3. 
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For simplicity, the typical band assignments for the saturated and mono-substituted 
hydrocarbons [318-321] of the stationary phases are summarised in Table 6.2 and 6.3. 
Table 6.2. Band assignments of C-C stretching, C-H bending and C-H stretching for 
saturated hydrocarbons[318-321]. 
Raman shift 
(cm-1) Notation Description 
1040-1100 na (C-C) carbon-carbon asymmetric stretching 
1065 na (C-C)T C-C asymmetric stretching (‘trans’ conformations) 
1080 n (C-C)G C-C stretching (‘gauche’ conformations) 
1120-1180 ns (C-C) carbon-carbon symmetric stretching 
1124 ns (C-C)T C-C symmetric stretching (‘trans’ conformations) 
1295-1305 T (CH2) methylene –(CH2)n- in-phase twisting 
1370-1380 ds (CH3) methyl symmetric bending 
1440-1470 da (CH3) methyl asymmetric bending  
1445-1475 dsci (CH2) methylene scissoring  
2724 T (CH2)T.G methylene twisting 
2843-2863 ns (CH2) methylene symmetric stretching 
2862-2882 ns (CH3) methyl symmetric stretching 
2890 na (CH2) methylene asymmetric stretching 
2916-2936 na (CH2) methylene asymmetric stretching 
2927 ns (CH2)FR methylene free rotation 
2952-2972 na (CH3) methyl asymmetric stretching 
2957 ns (CH3) methyl symmetric stretching  
 
 
Table 6.3. Band assignments of C-C stretching, C-H bending and C-H stretching for 
mono-substituted hydrocarbons[318-321] 
Raman shift 
(cm-1) Notation Description 
990-1010 n(C-C)breath mixing of in-phase ring stretching (or ‘breathing’) 
and in-plane ring bending 
1027 n(C-C)circ mixing of ‘semi-circle’ stretching and in-plane 
CH bending 
1146-1166 da(C-C)ip asymmetric CH in-plane bending  
1170-1180 ds(C-C)ip symmetric CH in-plane bending  
1565-1590 na (C-C)quad carbon-carbon asymmetric ‘quadrant’ ring 
stretching 
1585-1620 ns (C-C)quad carbon-carbon symmetric ‘quadrant’ ring 
stretching 
3030-3070 naryl (CH) aromatic (or aryl) C-H stretching  
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6.4.3 NMR spectroscopy   
 
6.4.3.1  1H HR MAS NMR spectroscopy 
NMR spectroscopy enabled us to determine the structural arrangement of RP-HPLC 
phases. The five stationary phases investigated in this study can be divided into two 
groups. The first containing aliphatic chain bonded phase ligands (e.g. BEH-C18, BEH-
RP18 and HSS T3) and the second group contains aromatic ring bonded phase ligands 
(e.g. BEH-Phenyl and CSH Phenyl-Hexyl).   
 
 
Figure 6.6. 1D 1H HR-MAS NMR spectra of (a) BEH-C18, (b)BEH-RP18, (c) HSS T3 
(d) BEH-Phenyl and (e) CSH Phenyl-Hexyl stationary phases in the absences of mobile 
phase. All spectra were obtained at 500 MHz spectrometer at room temperature and 10.0 
kHz spinning frequency. 
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Figure 6.6 illustrates the corresponding 1H HR-MAS NMR spectra of BEH-C18, BEH-
Phenyl, BEH-RP18, CSH Phenyl-Hexyl and HSS T3 phases. The 1H HR-MAS NMR of 
BEH-C18, BEH-RP18 and HSS T3 (aliphatic phases), as illustrated in Figure 6.6 a-c, 
showed no significant difference. The two dominating resonances observed across the 
three stationary phases at approximately 0.6 and 1.0 ppm corresponds to the CH3 
(terminal methyl group) and CH2 groups of the ligands attached to the phases respectively 
[202].  
In contrast, the 1H MAS NMR of both BEH-Phenyl and CSH Phenyl-Hexyl (aromatic 
phases) showed additional distinctive peaks in comparison to the other phases. At 0.7 
ppm, only one broad peak was observed (Figure 6.6 d and e) with BEH-Phenyl and CSH 
Phenyl-Hexyl which is primarily due to the Si(CH3)3 group, which is used for endcapping. 
Three low intensity peaks were also observed at 2.2, 3.9 and 4.8 ppm due to the alkyl 
spacer between the phenyl group and the silica surface. Additionally, a well resolved peak 
at approximately 6.7 ppm (Figure 6.6 d and e) is due to the phenyl protons (functional 
ligand) of the phases [322]. Additionally, methylene protons line widths for both BEH 
Phenyl and CSH Phenyl-Hexyl stationary phases are greater than the remaining stationary 
phases. This suggests that the aliphatic chain between the aromatic ligand and silica are 
in a more rigid environment than the chains of BEH C18, BEH RP18 and HSS T3, which 
leads to stronger dipolar couplings. 
At a glance, Figure 6.6 clearly indicates broad peaks obtained from the protons present 
across the stationary phases. Obtaining 13C and 29Si CP/MAS NMR spectra of RP-HPLC 
phases will provide additional information for characterising the molecular arrangement 
of RP-HPLC phases. Similar results were previously reported [202]. 
As illustrated in various Figures in Chapter 5, the 1H peaks of the stationary phases are 
generally observed at lower intensity and broader in comparison to the solvent peaks 
which is primarily due to the lower quantity of stationary phase packed into the rotor. 
This enabled us to measure 1H T1 and T2 relaxation for the protons of the analyte without 
interference from the peaks from the stationary phases. 
6.4.3.2  13C CP/MAS NMR spectroscopy 
Figure 6.7 shows the 13C CP/MAS NMR spectra of the five RP-HPLC phases investigated 
in this study. 13C CP/MAS NMR spectra provide supplementary information of the 
structure and arrangement of the alkyl and aromatic ligand groups of the stationary 
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phases. In this case, the 13C CP/MAS NMR spectra of the five stationary phases can be 
divided into three groups. The first group contains the aliphatic phases BEH-C18 and 
HSS T3, where the methyl peaks of BEH-C18 were broader which could indicate 
inhomogeneous environments within the sample. The second group consist of BEH-RP18 
(aliphatic phase) which has an embedded polar group. 
 
Figure 6.7.  1D 13C CP/MAS NMR spectra of (a) BEH-C18, (b) HSS T3, (c) BEH-Phenyl, 
(d) CSH Phenyl-Hexyl and (e) BEH-RP18 stationary phases in the absences of mobile 
phase. All spectra were obtained at 500 MHz spectrometer at room temperature and 10.0 
kHz spinning frequency. 
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Finally, the last group contains aromatic ring bonded phase ligands (e.g. BEH-Phenyl and 
CSH Phenyl-Hexyl). The peaks observed within 10 to 40 ppm are due to the carbon atoms 
of the octadecyl attached ligand group of BEH-C18 and HSS T3 (Figure 6.7a and b). The 
13C peaks arrangement of the BEH-C18 and HSS T3 from left to right is as follows: C1 
and C18 at 13.7 ppm, C2 and C17 at 23.5 ppm, C4 to C15 at 30.3 ppm and C3 and C16 
at 34.2 ppm. The C4 to C15 carbons peaks of HSS T3 were sharper and narrower 
compared to the remaining stationary phases which indicates higher mobility which is 
consistent with the manufacturers claims that HSS T3 has the lower ligand density. 
Additionally, across all 5 stationary phases a dominant peak at approximately 6.5 ppm is 
due to the methyl carbons of the trimethylsilyl group (Si(CH3)3) used for endcapping the 
residual silanols.  
The 13C spectra of C18, RP18 and Phenyl stationary phases presented in this study have 
previously been reported [200, 323]. The 13C peaks arrangement of BEH-RP18 (Figure 
6.7 e) from left to right is as follows: C1 and C15 at 14.3 ppm, C2 and C14 at 23.5 ppm, 
C5 and C6 at 27.8 ppm, C7 to C12 at 30.5 ppm, C13 at 32.6 ppm, C4 at 41.7 ppm and C3 
at 67.6 ppm. Two very distinct small peaks at 41.7 ppm and 67.6 ppm were only observed 
with BEH-RP18 and are due to embedded carbamate functional group which is consistent 
with the claims of the manufacturer. The 13C CP/NMR spectra of BEH-Phenyl and CSH 
Phenyl-Hexyl (Figure 6.7 c and d) look very similar. The broad peak at approximately 
5.1 ppm corresponds to the Si(CH3)3 group, while the alkyl linkage carbons C1, C2 and 
C3 are observed at 14.0 ppm, 23.5 ppm and 29.6 ppm respectively. Additionally, two 
peaks further downfield at about 126 ppm were observed only with BEH-Phenyl and CSH 
Phenyl-Hexyl phases. The peaks at 124.9 and 127.9 ppm are due to the C7 (p-carbons) 
and C5-C6 (o and m-carbons) of the phenyl functional group of theses phases. The spectra 
obtained are very similar to previous spectra reported by Albert et al. [324]. 
6.4.3.3  29Si CP/MAS NMR spectroscopy  
Figure 6.8 illustrates the 29Si CP/MAS NMR spectra of the five RP-HPLC phases 
investigated and the chemical structures of T2, T3, Q3, Q4 and M sites. Three distinctive 
peaks were observed across all five phases around -105, -61 and 10 ppm. The peaks can 
be assigned using both Tn and Qn notations. Across all five stationary phases, the peaks 
at -101.7 ppm and -110.5 pm are due to the silanols (Q3) and siloxanes (Q4) respectively 
[291, 325, 326] which is predominantly found on the silica surface and largely dominated 
by Q4 moiety. The peaks observed at -66.2 (T3) and -57.7 ppm (T2) are due to the presence 
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of partially and completely cross-linked silanol groups. The peak at ~65 ppm is due to the 
presence on the surface of another bonded moiety that is attached directly to the surface 
by a stable Si-C bond as shown in Figure 6.8 [200, 327]. Similar spectra have been 
reported by Brindle et al. [328]. Furthermore, the peak at approximately 13.4 ppm (M), 
confirms the presence of endcapping trimethylsilyl groups in each stationary phase. 
Additionally, even though the packing materials have been endcapped, the spectra 
obtained across all five stationary phases indicate the presence of residual silanols. The 
29Si peak area percentage distributions are illustrated in Table 6.4. As expected, the 
relative peak area percentages are similar across the stationary phases with the exception 
of HSS T3. 


















Q4 -112 24.7 26.9 20.7 22.9 29.1 
Q3 -102 14.4 14.0 14.9 12.7 33.9 
T3 -66 44.3 44.2 45.2 40.9 14.6 
T2 -56 13.6 12.6 15.6 21.2 8.9 
M 11 3.0 2.2 3.5 2.2 13.6 
 
The 29Si spectra of the HSS T3 stationary phase was significantly different to the 
remaining stationary phases. For instance, HSS T3 showed a higher peak area percentage 
at 13.4 ppm which is consistent with the fact that HSS T3 has the lowest ligand density 
(1.6 µmol/m2) in comparison to the other stationary phases and as a result a higher 
proportion of trimethylsilyl end capping groups. The ligand density of HSS T3 also 
justifies the low relative intensity of T2 and T3 species. Furthermore, higher peak area 
percentages for both Q3 and Q4 moieties were also observed in the presence of HSS T3. 
This is expected as HSS T3 has a higher silanophilicity (100% silica) and higher surface 
area of 230 m2/g compared to 185 m2/g (see Table 6.1)  in comparison to both BEH and 
CSH technology which corresponds to the claims suggested by the manufacturers [329].  
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Figure 6.8. 1D 29Si CP/MAS NMR spectra of (a) BEH-C18, (b) BEH-Phenyl, (c) BEH-
RP18, (d) CSH Hexyl-Phenyl and (e) HSS T3 stationary phases in the absences of mobile 
phase. All spectra were obtained at 500 MHz spectrometer at room temperature and 10.0 
kHz spinning frequency. 
 
6.5 Conclusion  
 
AFM microscopy enabled us to probe the topography and morphology of the stationary 
phases investigated in this study. Several spectral features of the five RP-HPLC stationary 
phase materials were achieved via Raman spectroscopy. Distinctive spectral information 
was obtained with different ligand functional groups. We used 1H HR-MAS, 13C and 29Si 
CP/MAS NMR spectroscopy to confirm the chemical composition of RP-HPLC 
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stationary phases employed in this study. 1H, 13C and 29Si CP-MAS NMR spectroscopy 
are extremely valuable tools for characterising the structural features of the RP-HPLC 
phase. These experiments highlighted significant differences between the aliphatic and 
aromatic ligand grouped stationary phases. Furthermore, 1D 29Si CP/MAS NMR spectra 
of HSS T3 was different to the remaining phases which is mostly likely due to lower 
ligand density, higher surface area and particle chemistry of HSS T3. In summary, 
considering that the 1D 1H peaks of the stationary phases were broad and overlapping, 
the 1H relaxation time of the analytes was used to characterise the interactions driving the 
retention mechanism. Additionally, utilising the 1H T1 and T2 relaxation of the analytes 
would enable us to achieve site specific measurements. The stationary phase 
characteristics could be investigated further. For instance, the dynamic behaviour of 
attached ligand can be obtained  using  variable temperature and relaxation experiments.  
The hydrolytic stability of the packing materials in aqueous conditions could also be 
developed by 29Si CP-MAS experiments.  
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7 NMR RELAXATION APPROACHES 
FOR PROBING RP-HPLC 
MOLECULAR INTERACTIONS 
7.1 Abstract  
 
In this chapter, we explore the use of 1H HRMAS T1 and T2 NMR relaxation 
measurements for probing molecular interactions between analytes and reversed-phase 
HPLC stationary phases using a variety of mobile phases all used in typical experimental 
method development screening conditions in Pfizer. We examine several approaches for 
using T1 and T2 relaxation times as descriptors of interactions and suggest that the 
combined use of both 1H T1 and T2 relaxation times provides the most general and robust 
framework to facilitate our understanding of reversed-phase HPLC retention mechanism 
discussed in Chapter 8.  
 
7.2 Introduction  
 
A wide selection of NMR techniques has been developed for structural elucidation and 
probing of molecular motion of HPLC heterogeneous systems. Over the years, 1H HR 
MAS NMR longitudinal (T1) and transverse (T2) relaxation measurements have been 
applied to provide fundamental insights  into dynamics and kinetics of analytes dissolved 
in a mobile phase and in the presence of a HPLC stationary phase [91, 92, 94, 95, 270] 
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based on the premise that interactions between molecules lead to changes in their 
motional behaviour. There are a number of NMR active nuclei that could be employed to 
characterise such systems but because of their high gyromagnetic ratio and high natural 
abundance protons provide a particularly sensitive and convenient probe to determine 
atomic resolution view of interaction within an LC system. Regardless, 2H [330, 331], 
13C [332-339], 14N [340] and 29Si [341-351] relaxation techniques have also been 
previously used for probing the dynamic behaviour and characterising various HPLC 
stationary phases[332, 333, 337, 338, 350]. However, obtaining, e.g. 13C relaxation rates 
can be time consuming due to the poor sensitivity of experiments involving detection of 
13C nuclei at natural abundance or costly if isotopic labelling is involved.  
To provide some context for the current work we first survey briefly published to date 
studies that exploit relaxation measurements to probe interactions between analytes and 
stationary phases. We examine the basic assumptions made in the mentioned studies and 
consider their strengths and weaknesses.  
In the first study we consider, Skogsberg et al. established correlation between 1H T1 
relaxation and strength of interaction with stationary phases for (R)- and (S) 1,1’-
binaphthyl-2,2’-diol (binol), (+) and (-)-O,O’-dibenzoyl-tartaric acid and two structurally 
similarly chiral stationary phases (CSPs) (Kromasil-DMD and TBB) in a study where 1H 
HR MAS NMR T1 relaxation measurements were reinforced by transferred Nuclear 
Overhauser Spectroscopy (trNOESY) measurements [93]. Superior HPLC separation of 
(R)- and (S)-binol was observed in the presence of Kromasil-DMB compared to 
Kromasil-TBB in a cyclohexane mobile phase. Due to the stronger interactions between 
(R)-binol and the CSPs, (S)-binol always elutes before (R)-binol under this experiment’s 
conditions. Typically a small analyte interacting with a large molecule will have the 
correlation time of a large molecule and hence negative NOE crosspeaks would be 
observed. The suspended-state HR/MAS trNOESY spectra of (S)-binol dissolved in 
CDCl3 showed positive cross peaks between the aromatic groups. Negative trNOESY 
crosspeaks between the aromatic protons of (S)-binol in the presence of Kromasil-DMB 
stationary phase were observed. The change from positive (in the absence of Kromasil-
DMB) to negative cross peaks suggest the analyte interacts with the stationary phase. 
Furthermore, the naphthyl groups in (S)-binol have close proximities to the benzoyl 
groups of Kromasil-DMB which suggests either steric or p-p interactions are taking place 
between aromatic groups of (S)-binol and of Kromasil-DMB 
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Additionally, HR/MAS trNOESY experiments of (R)- and (S)-binol dissolved in a 
mixture of 2-propanol-d8 (5%) in cyclohexane-d12 (C6D12) in the presence of Kromasil-
DMB were obtained. The trNOESY experiment demonstrated stronger trNOESY 
crosspeaks were observed for (R)-binol compared to (S)-binol which suggest (R)-binol 
interacts stronger with Kromasil-DMB stationary phase than (S)-binol. 1H T1 
measurements of (R)- and (S)-binol dissolved in C6D12 were also acquired to probe the 
proximities of the analytes and Kromasil-DMB stationary phases. The T1 values of (R)-
binol were significantly shorter compared to (S)-binol which could suggest stronger 
interactions between (R)-binol and Kromasil-DMB are taking place. 
However, the assumption that 1H T1 becomes shorter in the presence of interaction is not 
always valid as T1 relaxation depends on the correlation time of motion, which goes 
through a minimum at the correlation time equal to the inverse of proton Larmor 
frequency (see Figure 7.1). This means that, for example, if the interaction with the 
stationary phase slows down the motion of the molecule sufficiently the T1 can become 
longer compared to T1 in the absence of the interaction.  We have observed such effect in 
some of the cases in the extensive set of measurements performed in this thesis. 
Around the same time Skogsberg et al. work was reported, Coen et al. used both 1H T1 
and T2 relaxation measurements at variable temperature to probe the molecular interaction 
between p-xylene and C18 RP-HPLC stationary phase [95]. Both 1H T1 and T2 relaxation 
increased with higher temperature consistent with an increase in the chain flexibility (see 
Fig. 7.1). Even though Coen et al. have recognised the usefulness of considering both T1 
and T2 as probes of interactions and mobility they have not fully exploited the power of 
the combined use of these two parameters. For example, the direction of relative changes 
of T1 and T2 relaxation times in the absence and presence of stationary phase can be used 
to determine the correlation time regime for the interacting molecules. This means that 
one can in principle tell whether the correlation time for the interacting molecules is on 
the left or on the right from the T1 minimum in Fig. 7.1. For example, since increasing of 
temperature results in shortening of the correlation time, an increase in both T1 and T2 
relaxation times when temperature increases indicates that the correlation times are faster 
than the correlation time at T1 minimum. On the other hand, a decrease in T1 with 
simultaneous increase in T2 with rising temperature suggests that the correlation times are 
slower than the correlation time at T1 minimum [91]. As Coen et al. measured their 
parameters at variable temperatures, they could obtain the energy of activation for rotation 
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of the functional groups by fitting the T1 trends as function of temperature. The values of 
activation energy indicated a restriction of motion for bound methyl group of p-xylene.   
 
Figure 7.1. A plot of T1 and T2 relaxation against correlation time. 
In 2009, Albert et al. [270] investigated the relationship between separation of (R)- and 
(S)-benzyl mandelate enantiomers in the presence of polysaccharide-based chiral 
stationary phase (CSP) and mobile phase consisting of methanol with 0.1% TFA using 
both HPLC and 1H HRMAS NMR  experiments. The HPLC chromatogram revealed the 
(R)-enantiomer elutes prior to the (S)-enantiomer indicating that (S)-enantiomer interact 
more with the stationary phase than (R). (S)-benzyl mandelate enantiomer, which has the 
highest binding affinity towards the chiral stationary phase (CSP), appeared to have the 
shortest 1H T1 values in the measurement in the presence of CSP compared to 
measurements performed in solution in the absence of the CSP. The authors interpreted 
the shorter T1 relaxation in the presence of stationary phase as an indication of restricted 
molecular motions due to interaction of the analyte with stationary phases (SP) [352, 353]. 
The same line of thinking was used as an indication of interaction with the SP for different 
analytes and a variety of HPLC stationary phases in other studies [69, 89]. In addition to 
relaxation measurements, NOESY and trNOESY experiments were also performed with 
(R)- and (S) enantiomer in presence and absence of CSP to confirm the binding affinity 
of (S) enantiomer towards the CSP. In absence of CSP, weak positive (up) NOE diagonal 
peaks were observed. The NOESY HR/MAS NMR spectra of (S) and (R)-enantiomer 
revealed intense negative (down) diagonal peaks between the aromatic benzyl mandelate 
protons and aliphatic region of the stationary phase. Additionally, the aromatic benzyl 
mandelate integral values of (S) compared to (R)-enantiomer were stronger possibly due 
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to greater interaction of (S) enantiomer and the CSP which complements the HPLC 
elution order.  
 
More recently, Yeman et al. investigated the interactions of aniline and phenol with 
monomeric and hydride-modified stationary phases via 1H HR MAS NMR spectroscopy 
[92]. The 1H HR MAS NMR spectra of the analytes in the presence of C18 stationary 
phase showed two sets of peaks. One set of peaks were sharp, which suggests the 
molecules are free to rotate, as is in the case of molecules dissolved in the mobile phase 
and not involved in interactions with stationary phase. The other set of observed peaks 
was broad and upfield of the narrow peaks. The broad nature of the peaks indicates 
presence of interactions between the analyte and C18 stationary phase (the molecules are 
adsorbed onto the stationary phase). Observation of two distinct sets of peaks for the 
analytes suggests that they are undergoing slow chemical exchange between the free and 
adsorbed forms. Similar distinctive spectra were reported in other studies [30,79, 80, 82, 
196, 208]. The 1H T1 relaxation of the peaks for the “adsorbed” fraction of the analyte 
were considerably shorter than 1H T1 relaxation of the peaks for the “free” fraction, which 
could indicate the analytes in the “adsorbed” states undergo restricted motion due to 
interaction with the C18 chains. This conclusion was made based on the assumption that 
T1 relaxation is inversely proportional to correlation time. Additionally, the 1H T1 
relaxation of the analytes in the presence of hydride-modified phases were shorter 
compared to the monomeric phases due to higher bonded C18 ligand on the surface of the 
hydride-modified phases which increases the overall hydrophobicity. Additionally, 
higher HPLC retention factor for both aniline and phenol where observed in the presence 
of hydride-modified phase than monomeric phases which indicates aniline and phenol 
interact more strongly with hydride-modified phases [92]. 
The primary aim of this chapter is to investigate several approaches of using 1H relaxation 
for probing molecular motions in chromatographic systems as reporters of mobility and 
interactions. Similarly to Coen et al. [95], we propose using both 1H T1 and T2 relaxation 
to gain atomic resolution insights into the retention mechanism of analytes across five 
different RP-HPLC stationary phases. This approach will then be used in Chapter 8 to 
probe details of interactions behind the retention mechanisms for a series of analytes and 
RP-HPLC stationary phases. 
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7.3 Experimental Methods  
7.4 Materials  
 
Figure 7.1. Chemical structure of aniline, 2-aminophenol and meclizine 
dihydrochloride. 
To illustrate our discussion we will use throughout this Chapter data measured on aniline, 
2-aminophenol, and meclizine dihydrochloride. The analytes were obtained from Sigma 
Aldrich and used without any further purification. The analytes were dissolved at 0.5 M 
concentration in mobile phases consisting of various proportions of  deuterium oxide, 
acetonitrile and methanol (see figure captions for details). 4,4-dimethyl-4-silapentane-1-
sulfonic acid (DSS) was added to the samples as an internal standard. BEH-C18 (~17% 
w/w carbon loading), BEH-phenyl (~15% w/w carbon loading), BEH-RP18 (~16% w/w 
carbon loading), CSH-phenyl (~14% w/w carbon loading) and HSS T3 (~11% w/w 
carbon loading) stationary phase were extracted from commercially available XBridgeTM 
columns (Waters) with particle size of 1.7 µm and average pore diameter of 145 Å. The 
physical chemistry properties of the five RP-HPLC stationary phases were previously 
shown in Chapter 6.   
          
7.5 HPLC Method 
 
The RP-HPLC measurements were carried out at Pfizer on Waters Acquity UPLC with 
UV (PDA) and MS detectors. Each analyte at the concentration of approximately ~5 mM 
was individually run through the five studied stationary phases. The mobile phase was 
either solvent A consisting of acetonitrile (MeCN) and water or solvent B consisting of 
methanol (MeOH) and water. For both mobile phases the solvents were mixed in a 50:50 
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(% v/v) ratio under isocratic conditions. The used solvents were HPLC grade. Flow rate 
of 0.4 mL/min at a temperature of 40 °C was used.  
7.6 NMR Method 
 
Deuterium oxide, d3-MeCN and d4-methanol purchased from Sigma Aldrich. Stock 
solutions of 0.5 M aniline, 2-aminophenol and meclizine were prepared in deuterated 
mobile phase compositions consisting of either 50:50 (% v/v) MeCN:D2O or 50:50 (% 
v/v) MeOH:D2O. The calculated molar ratio of analyte/stationary phase was 
approximately 1:0.25. For the samples with analytes in the presence of mobile phase and 
absence of stationary phase (“solution only”), 80 µL of the analyte was measured using 
an automated pipette and then placed into a 4 mm rotor.  
 
Figure 7.2. Illustration of (a) aniline in solution only and (b) aniline in the presence of 
BEH C18 stationary phase. 
 
For the analytes with added stationary phase, 10 mg of stationary phase was initially 
packed into the rotor followed by addition of 60 µL of the dissolved analyte and then 
additional 10 mg of stationary phase (see Figure 7.3). 1H HR MAS NMR experiments 
were conducted on a Bruker Ultrashield 500 Spectrometer operating at 500 MHz 1H 
Larmor frequency. The prepared samples were placed into 4 mm ZrO2 MAS rotors 
(Bruker Biospin, Rheinstetten, Germany) with no spacer. The rotor was spun using high 
pressure nitrogen at the magic angle (θ = 54.4°) at a spinning speed of 5 kHz at 313 K. 
The 1H HR MAS NMR experiments were conducted using a 90° one-pulse sequence, 
where 8 transients were collected into a 64 k data points over a spectral width of 20000 
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Hz (40 ppm) with an acquisition time of 1 second. Exponential line-broadening of 0.5 Hz 
was applied before FT. 
 
7.7 Saturation recovery (T1) Measurements  
 
1H T1 was also measured by using a standard saturation-recovery pulse sequence 
(saturation – τ – 90º– FID) with pulse nutation frequencies of 25 kHz. 8 transients were 
collected into 20 k data points over a spectral width of 20000 Hz (40 ppm) with an 
acquisition time of 1 seconds, relaxation delay of 2 seconds and where the recovery time 
was ranged from 0 to 30 seconds. Exponential line-broadening of 0.5 Hz was applied 
before FT.  The 1H T1 values were obtained from fitting of the peaks integrals (obtained 
using Topspin 3.5) as a function of the relaxation delay to equation (ú[Ó] = ú[0](1 −exp	(−Ó/Äë)). The fitting was performed in Origin 9.3. 
 
7.8 CPMG (T2) Measurements  
 
1H T2 relaxation times were measured using the CPMG pulse sequence (90° - [τ – 180° – 
τ]n – FID) with a pulse nutation frequency of 25 kHz. 8 transients were collected into a 
20k data points over a spectral width of 20000 Hz (40 ppm) with an acquisition time of 1 
second, relaxation delay of 16 seconds, spin echo time (ts) of 1.2 ms, loop time was fixed 
at 2.5 ms and the number of loops (n) were varied accordingly to obtain relaxation curves 
with the peak intensity decaying below 30% of its initial value. Exponential line-
broadening of 0.5 Hz was applied before FT.  
The 1H T2 values were obtained from fitting of the peaks integrals (obtained using 
Topspin 3.5) as a function of the relaxation delay to equation (ú[Ó] = ú[0]exp	(−Ó/Äu)). 
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7.9 Results and discussion  
 
7.10 Chemical exchange regimes for analytes binding transiently to stationary phases  
 
Figure 7.4 shows 1D 1H HRMAS NMR spectra of aniline in 50:50 (% v/v) MeCN:D2O 
mobile phase in the absence of any stationary phase, in the presence of BEH-C18, BEH-
phenyl, BEH-RP18, CSH hexyl-phenyl and HSS T3 stationary phases obtained at 500 
MHz spectrometer. The peak observed at 0 ppm corresponds to the 4,4-dimethyl-4-
silapentane-1-sulfonic acid (DSS) signal, which is used as the internal reference. Weak 
broad peaks observed in three of the spectra at 0.8 and 1.25 ppm correspond to the CH3 
and CH2 groups of BEH-C18, BEH RP18 and HSS T3 stationary phases. The average 
peak for amine protons in fast exchange with water is observed at approximately 4.2 ppm. 
The peaks between 6.75 and 7.14 ppm correspond to the aromatic protons of aniline as 
indicated in Figure 7.4: the peak at 7.14 ppm corresponds to protons in the meta position 
with respect to NH2 (labelled “1”) and the peak at 6.75 ppm is a result of overlap of signals 
for protons in ortho and para positions (labelled “2”). 
Only one set of sharp aromatic proton peaks was observed in the spectrum of aniline in 
the 50:50 MeCN:D2O mobile phase in the absence of stationary phases (see Figure 7.4b). 
On the other hand, the spectra of aniline in the presence of all the RP-HPLC stationary 
phases show two sets of aromatic protons with well resolved peaks at 7.15 ppm, 7.10 
ppm, 6.75 ppm and 6.70 ppm. In analogy to the Coen et al. [95] and Yeman et al. [92] 
studies we could assign one set of the peaks to “free” in solution aniline and aniline 
“bound” to the reversed phase stationary phases. The “free” peaks at 7.15 ppm and 6.75 
ppm have narrow line widths consistent with the molecule undergoing fast overall 
rotational diffusion. The broad aromatic peaks at ~7.10 ppm and ~6.70 ppm suggests 
restriction of motion for the molecule consistent with it being adsorbed onto the RP-
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Figure 7.3. 1D 1H HR-MAS NMR spectra of 0.5 M aniline in the 50:50 % v/v of 
MeCN:D2O mobile phase (from top to bottom): in the absence of stationary phases and 
in the presence of either BEH-C18, or BEH-phenyl, or BEH-RP18, or CSH hexyl-phenyl, 
or HSS T3 stationary phase as indicated on the left hand side of each spectrum. (a) Full 
spectra. (b) Expansions of the aromatic region. The resonance assignments are indicated 
with the numbers, e.g. proton labelled as 2 in the molecule is identified with a label H-2 
in the spectrum. The letters “f” and “b” in the parenthesis indicate free and bound forms, 
respectively. All spectra were obtained at 500 MHz spectrometer at 313 K and 5.0 kHz 
magic angle spinning frequency. 
 
The resonance due to fast exchange between water and NH2 protons also appears to split 
into “free” and “bound” components in the presence of stationary phases. The presence 
of the two sets of peaks suggest that aniline is in the slow exchange regime where the rate 
of chemical exchange is smaller than the chemical shift difference for the analytes in the 
two different environments  (G| < 	Δ•).  
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Table 7.1. Chemical shift difference between “free’ and “bound” forms of aniline in the 
presence of either BEH-C18, or BEH-phenyl, or BEH-RP18, or CSH hexyl-phenyl, or 
HSS T3 stationary phase.  
 
SP 
 Chemical shift difference (Hz) 
HPLC retention 
time (mins) H-1(f)-H-1(b) 
H-2(f) 
-H-2(b) NH2+H2O (f)-NH2+H2O (b) 
BEH-C18 3.58 27.1±5.4 30.5±6.1 18.6±3.7 
BEH-Phenyl 3.67 36.6±7.3 42.0±8.4 19.7±3.9 
BEH-RP18  3.73 29.1±5.8 35.4±7.1 18.2±3.6 
CSH hexyl phenyl  3.80 28.3±5.7 34.3±6.9 20.5±4.1 
HSS T3 4.22 32.9±6.6 40.8±8.2 20.9±4.2 
 
Interestingly, the chemical shift difference of the “bound” peaks to the “free” peaks 
changes on different stationary phases. The difference is also site specific, i.e. the 
magnitude of the shift is not the same for all the sites in the sample. For example, the 
separation for H-2 proton environments is the largest on BEH phenyl stationary phase 
and smallest on BEH C18 stationary phase, which would be consistent with the idea that 
interaction of the aromatic ring with stationary phases with aromatic functional groups 
leads to largest chemical shift changes.  
However, not all the analytes are in the slow exchange regime in the presence of 
stationary phases. In some cases only one set of sharp peaks were observed for analytes 
both in the absence and in the presence of the stationary phases. 2-aminophenol in 50:50 
(% v/v) MeOH:D2O mobile phase in BEH-phenyl and CSH hexyl-phenyl stationary 
phases appears to be in slow exchange for aromatic sites (with populations heavily 
weighted towards free form; sometimes it might be difficult to distinguish fast exchange 
from slow exchange where one of the states is lowly populated) and in fast exchange for 
the water/NH2 site (see Figure 7.4). 
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Figure 7.4. 1D 1H HR-MAS NMR spectra of 0.5 M 2-aminophenol in 50:50 % v/v of 
MeOH:D2O mobile phase (from top to bottom): in the absence of stationary phases 
(solution only) and in the presence of either BEH-C18, or BEH-phenyl, or BEH-RP18, 
or CSH hexyl-phenyl or HSS T3 stationary phases as indicated on the left of each 
spectrum. (a) Full range spectra. (b) Expansion of the aromatic region. The peak 
assignments are given in the “solution only” spectrum. The letter “a” in the parenthesis 
indicate average of the free and bound forms (e.g. fast exchange regime). All spectra were 
obtained at 500 MHz spectrometer at 313 K and 5.0 kHz spinning frequency.  
 
However, all of the sites in 2-aminophenol are apparently in fast exchange in the presence 
of BEH-C18, BEH-RP18 and HSS T3 stationary phases.  As a consequence of the rate of 
interconversion between the free and bound state being significantly larger than the 
chemical shift difference induced by the binding (G| > 	Δ•) only one set of peaks at the 
average position is observed.  
Since we observed both fast and slow chemical exchange in different cases it is likely that 
intermediate exchange can also be observed, as previously discussed in Chapter 4. 
However, under our experimental conditions with the series of analytes investigated we 
could not identify clear examples where this is the case. Overall, it is clear that because 
all possible chemical exchange regimes can be observed for analytes interacting with 
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stationary phases the approaches using 1H relaxation to probe molecular interactions 
proposed in the existing literature have to be considered with caution and adjusted 
depending on the exchange regime.  
 
7.11 NMR relaxation as a probing of molecular motions 
 
Several relaxation-related parameters can be utilised for probing the changes in dynamics 
of analytes in chromatographic systems and hence indirectly the nature of their transient 
interactions with stationary phases. Here we consider 1H T1 and T2 relaxation times as 
well as various parameters used for characterisation of chemical exchange processes. We 
outline the assumptions made when using different parameters. We discuss the 
advantages and limitations of each approach. 
 
7.12 Application of 1H T1 relaxation times to probe analyte interactions  
 
As we have already discussed above 1H T1, i.e. longitudinal relaxation, has previously 
been used to probe the molecular interactions between analytes and various HPLC 
stationary phases. One of the simplest ways 1H T1 can be used to monitor interactions of 
analytes with stationary phases is to take advantage of the fact that transient interactions 
lead to changes in the effective correlation time for the overall rotational diffusion and 
hence lead to change in the observed T1. In a number of studies decrease in 1H T1 
relaxation time for analytes dissolved in the mobile phase in the absence and in the 
presence of RP-HPLC stationary phase was interpreted as restriction of molecular motion 
due to interaction with stationary phase [192, 352, 353]. Generally, it is assumed that 
“free” molecules rotate with correlation times in the fast narrowing regime, which leads 
to long T1 times. Hinderance of rotation due to transient interactions results in shorter T1 
times compared to free tumbling molecule. This assumption is correct if the correlation 
times for overall rotational diffusion of free and interacting analyte are both in the fast 
motion limit, i.e. on the left hand side of the T1 minimum in Figure 7.1. Table 7.2 lists the 
site specific 1H T1 relaxation times of aniline in 50:50 (% v/v) MeCN:D2O mobile phase 
in the absence and in the presence of BEH-C18, BEH-phenyl, BEH-RP18, CSH hexyl-
phenyl and HSS T3 stationary phases measured using saturation recovery method. Thanks 
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to the high resolution of HR-MAS technique, atomic resolution site specific relaxation 
measurements are achievable (except for the overlap of signals for aromatic protons ortho 
and para positions, which are jointly indicated with “2”). Since aniline is in the slow 
exchange regime with well resolved peaks, the 1H T1 relaxation values of both “free” 
(indicated by “f”) and “bound” (indicated by “b”) peaks were obtained. Note that the 
exchange process leads to partial “mixing” of the relaxation rates for the molecule in the 
two states so the measured rates are not the “true” rates for each state: depending on the 
specific parameters of the exchange process the measured rates either under or 
overestimate the true relaxation times [354]. In general, this could be considered a 
disadvantage as complex analysis is required to extract the true relaxation rates for each 
site but it is actually an advantage for our application because we are interested in the 
influence of the exchange on the measured parameters. More specifically because of the 
influence of the exchange on the measured T1 we can use for our analysis not only the T1 
of the bound analyte but also of the free analyte (in the absence of the exchange the T1 of 
the free analyte in the presence of stationary phase should be the same as the one measured 
in the absence of stationary phase under the same conditions).  
Table 7.2. 1H T1 relaxation of 0.5 M aniline in 50:50 % v/v MeCN:D2O mobile phase 
(from top to bottom according to HPLC elution order): in the absence of stationary phase 
(“solution only”), and in the presence of BEH-C18, BEH-phenyl, BEH-RP18, CSH 
hexyl-phenyl and HSS T3 stationary phases. Data measured at 500 MHz spectrometer at 
313 K and 5.0 kHz magic angle spinning frequency.  
 
SP 
 HPLC Retention 
time (mins) 
1H T1 (s) 
H-1(f) H-1(b) H-2(f) H-2(b) NH2+H2O (f) NH2+H2O (b) 
Solution only  6.4 ± 0.3 n/a 7.0 ± 0.4 n/a 8.6±1.7 n/a 
BEH-C18 3.58 7.4 ± 0.4 3.9 ± 0.2 8.0 ± 0.4 3.9 ± 0.2 7.0±1.4 2.8±1.4 
BEH-Phenyl  3.67 7.6 ± 0.4 4.1 ± 0.2 8.7± 0.4 4.8 ± 0.2 8.3±1.7 3.4±1.7 
BEH-RP18  3.73 7.5 ± 0.4 4.0 ± 0.2 8.1 ± 0.4 3.7 ± 0.2 7.5±1.5 3.5±1.8 
CSH hexyl phenyl 3.80 6.7 ± 0.3 3.7 ± 0.2 7.5 ± 0.4 4.3 ± 0.2 6.7±1.3 3.4±1.7 
HSS T3  4.22 8.4 ± 0.4 6.1 ± 0.3 7.9 ± 0.4 5.6 ± 0.3 5.3±1.1 2.9±1.4 
 
As shown in Table 7.2, the T1 values for aniline “free” peaks are considerably longer than 
those of the “bound” peaks consistent with the fact that the bound molecules undergo 
restricted motion compared to the free molecules. However, the 1H T1 relaxation values 
of the “free” peaks in the presence of stationary phase are generally longer compared to 
the measurement in the absence of stationary phases (referred to, in the following, as the 
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“solution only” measurement). As we mentioned above the lengthening of the measured 
T1 for free aniline compared to aniline in the absence of any stationary phase is a result 
of the exchange process taking place during the measurement. Note that even though the 
peak near 4.2 ppm is likely to be an average peak for water and amine protons that are in 
fast exchange, it still changes significantly echoing the behaviour of the amine protons 
with particularly strong effect for aniline on HSS T3 stationary phase, which is designed 
for enhanced retention of polar compounds. 
 
At this point it is worth to note that even if we neglect the effect of chemical exchange T1 
relaxation times do not always have to be reduced in the presence of a stationary phase. 
The restriction of motion due to interaction with stationary phase can take the overall 
motion of the analyte into the correlation time regime beyond the T1 minimum, where the 
relaxation times become longer as the motion becomes more restricted. Thus the 
correlation between the magnitude of T1 relaxation time and the extent of restriction of 
motion is simple only in case when the correlation of the free and bound analyte are in 
the same correlation time regime, e.g. fast motion regime, but becomes more complex 
and difficult to interpret when the correlation times span a wide range of values on both 
sides of T1 minimum. To resolve such ambiguity other measurements might be necessary, 
e.g. T2 measurement, which has a different dependence on the correlation time.  
 
Because aniline dissolved in 50:50 (% v/v) MeCN:D2O mobile phase is in a slow 
exchange on all the stationary phases it is possible in this case to obtain the apparent 
relaxation times for the free and adsorbed analyte separately. However, for 2-
aminophenol, which is mostly in the fast exchange regime only an average value for the 
analytes in the two environments is available as shown in Table 7.3.  Similarly to aniline, 
it is nontrivial to interpret the T1 relaxation times of 2-aminophenol in the context of 
analyte-stationary phase interactions without any additional information. Sometimes the 
1H T1 of 2-aminophenol in the presence of stationary phases is longer and sometimes 
shorter compared to the solution only measurement. Such alternation of the pattern of T1 
changes could indicate that 2-aminophenol does not interact strongly with stationary 
phases as the effect is small and does not have a clear direction but it is difficult to draw 
a clear conclusion in the absence of any additional data (though in general 2-aminophenol 
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elutes faster than aniline on all the stationary phases). Joint T1 and T2 relaxation analysis 
could potentially reduce such ambiguity.  
 
Table 7.3. 1H T1 relaxation times of 0.5 M 2-aminophenol in 50:50 % v/v MeOH:D2O 
(from top to bottom according to HPLC elution order):  in the absence of stationary phase 
(solution only) and in the presence of BEH-C18, BEH-phenyl, BEH-RP18, CSH hexyl-
phenyl and HSS T3 stationary phases. Measurements were performed at 500 MHz 






1H T1 (s) 
H-1(a) H-2(a) H-3(a) NH2+H2O (a) MeOH(a) 
Solution only  4.3±0.2 3.8±0.2 3.9±0.2 6.4±0.6 7.2±1.8 
BEH-C18 3.13 4.5±0.2 4.4±0.2 4.1±0.2 5.6±0.6 5.3±1.3 
BEH-RP18  3.34 4.3±0.2 3.9±0.2 3.7±0.2 5.8±0.6 5.4±1.4 
HSS T3  3.56 4.0±0.2 3.8±0.2 3.9±0.2 5.9±0.6 5.3±1.3 
BEH-Phenyl  3.59 4.2±0.2 3.5±0.2 3.6±0.2 7.5±0.8 7.7±1.9 
CSH hexyl phenyl 3.81 4.2±0.2 3.4±0.2 3.9±0.2 6.5±0.7 6.7±1.7 
 
7.13 Application of 1H T2 relaxation times to probe analyte interactions  
 
Another parameter that could be used for probing the molecular motion of analytes is 1H 
T2 relaxation time. Just as in the case of 1H T1 a comparison of 1H T2 in the presence and 
absence of stationary phases could be used to provide insights on the interactions of 
analytes with stationary phases. Here we consider two approaches for obtaining 1H T2 
relaxation times: extraction of T2 from peak width at half height and measurement of T2 
using CPMG experiment. 
 
7.14 Estimation of 1H T2 from peak width at half height 
 
In principle, under ideal conditions the T2 relaxation time of an analyte is directly 
related to the peak width at half height (in Hz): òë/u = 1/ºÄu (7.1) 
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The method to estimate the T2 relaxation times from the peak widths has been used 
previously in studies of interactions of analytes with stationary phases [94, 95].  
 
Estimating T2 in this manner is only accurate if relaxation is the only source of 
broadening. However, often there are additional contribution to the line width due to 
magnetic field inhomogeneities or unresolved long range 1H-1H scalar couplings.  
In general, the overall line width can be split into homogeneous and inhomogeneous 
contributions:  
òë/u = òë/u,>zKz + òë/u,[‚>zKz (7.2) 
 òë/u,>zKz  contains a contribution from the relaxation processes ( 1/ºÄu)   and any 
unresolved 1H-1H scalar couplings (this is especially a problem for aromatic protons 
where the long range couplings in the 1-3 Hz cannot be easily resolved in HRMAS 
experiments). òë/u,[‚>zKz contains the contributions from the field inhomogeneities or so 
called inhomogeneous broadening. The inhomogeneities of the magnetic field throughout 
the volume of the sample due to instrumental imperfection can be minimised by shimming 
but obtaining perfect shimming is not always easy in heterogeneous samples consisting 
of mixture of liquid and solid.  
Whereas the relaxation-related fraction of the homogenous broadening could be indirectly 
linked to the interactions between the analytes and stationary phases, the fraction of the 
homogeneous broadening due to unresolved 1H-1H scalar couplings and òë/u,[‚>zKz are 
completely independent of them. Thus ultimately one would like to use method for 
estimating T2, which is either completely free or at least with minimal contribution from 
the two latter factors. 
First, we consider whether 1H T2 relaxation of aniline and 2-aminophenol calculated from 
the peak width at half height is dominated by relaxation. Table 7.4 shows the peak widths 
and the corresponding 1H T2 relaxation times of aniline in 50:50 % v/v MeCN:D2O mobile 
phase in the absence and in the presence of BEH-C18, BEH-phenyl, BEH-RP18, CSH 
hexyl-phenyl and HSS T3 stationary phases. Table 7.5 shows analogous data for 2-
aminophenol in 50:50 % v/v MeOH:D2O mobile phase. 
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Table 7.4.1H peak widths and corresponding 1H T2 relaxation times of 0.5 M aniline in 
the 50:50 % v/v MeCN:D2O (from top to bottom according to HPLC elution order): 
mobile phase in the absence of stationary phase (solution only) and in the presence of 
BEH-C18, BEH-phenyl, BEH-RP18, CSH hexyl-phenyl and HSS T3 stationary phases. 
Data obtained at 500 MHz spectrometer at 313 K and 5.0 kHz spinning frequency. Peak 
assignments are shown in Figure 7.4. 
 
 
The 1H T2 relaxation times of aniline estimated from the peak widths range from ~0.01 to 
0.14 s. These values  are much shorter than the 1H T1 relaxation times measured on the 
same sample at the same experimental conditions (typically a few seconds; see Table 7.2 
and 7.4). Such results suggest that either overall correlation times for aniline are long in 
this chromatographic system (i.e. to the right of the T1 minimum in Figure 7.1) or that the 
T2 relaxation times obtained from peaks widths are underestimated, e.g. due to the 
inhomogeneous broadening contribution. The first of these explanations is unlikely 
because to obtain such a large difference between 1H T1 and T2 in solution only would 
mean that aniline would have to be heavily aggregated into rather large particles (the 
larger the molecule the slower it tumbles). Thus explanation that the T2 times are 
underestimated because of additional contributions to the observer line width that are not 
related to relaxation. On the flipside, even though the absolute values of T2 appear to be 
incorrect, they do show some expected qualitative trends. For example, the 1H T2 
relaxation times measured using the broad peaks of “bound” aniline in the presence of 
stationary phase (H-1(b) and H-2(b)) range from 0.01 to 0.02 s compared to 0.11 s 
obtained for the “free” aniline (narrow peaks labelled H-1(f) and H-2(f)). Such a trend 
would suggest that broad peaks arise from the aromatic protons of aniline that are 
motionally restricted compared to the “free” aniline.  
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As in the case of aniline, the 1H T2 relaxation times estimated from peak widths for 2-
aminophenol also appear to be underestimated due to significant contribution of 
inhomogeneous broadening or scalar coupling to the observed peak widths (see Tables 
7.5 and 7.7) 
Table 7.5. 1H peak widths and the corresponding T2 relaxation times for 2-aminophenol 
in 50:50 % v/v MeOH:D2O (from top to bottom according to HPLC elution order):  
mobile phase in the absence of stationary phases (solution only) and in the presence of 
BEH-C18, BEH-phenyl, BEH-RP18, CSH hexyl-phenyl and HSS T3 stationary phases.  
HR-MAS data were obtained at 500 MHz spectrometer at 313 K and 5.0 kHz spinning 
frequency.  
 
SP HPLC Rt (mins) 
Peak width (Hz) T2 from line width (s) 
H-1(a) H-2(a) H-3(a) MeOH(a) H-1(a) H-2(a) H-3(a) MeOH(a) 
Solution only  4.1±0.8 3.6±0.7 3.3±0.7 6.3±1.2 0.1±0.02 0.1±0.02 0.1±0.02 0.1±0.01 
BEH-C18 3.13 4.2±0.9 3.7±0.7 3.8±0.8 5.7±1.1 0.1±0.02 0.1±0.02 0.1±0.02 0.1±0.01 
BEH-RP18 3.34 4.0±0.8 3.5±0.7 3.5±0.7 5.3±1.1 0.1±0.02 0.1±0.02 0.1±0.02 0.1±0.01 
HSS T3 3.56 4.1±0.8 4.0±0.8 3.4±0.7 5.6±1.1 0.1±0.02 0.1±0.02 0.1±0.02 0.1±0.01 
BEH-Phenyl 3.59 4.7±0.9 5.0±1.0 6.2±1.2 7.3±1.5 0.1±0.01 0.1±0.01 0.1±0.01 0.0±0.08 
CSH hexyl phenyl 3.81 3.7±0.7 3.9±0.8 3.7±0.8 6.3±1.3 0.1±0.02 0.1±0.02 0.1±0.02 0.1±0.01 
 
7.15 1H T2 relaxation measured using CPMG 
 
To test the hypothesis that T2 times estimated from line width are compromised by 
broadening not related to motion, we employed CPMG pulse sequence, which refocuses 
the inhomogeneous broadening and aids suppressing the effect of homonuclear scalar 
couplings, and thus should provide more accurate T2 relaxation times. As mentioned 
before, CMPG pulse sequence accomplishes refocusing of the inhomogeneous 
broadening through application of a train of p pulses [355, 356]. Table 7.6 compares the 
1H T2 relaxation values of aniline obtained using CPMG pulse sequence and estimated 
from the peak widths. The 1H T2 relaxation times measured for “solution only” and “free” 
aniline using CPMG range between approximately 0.5 ad 2.9s, which is considerably 
longer than T2 values obtained from peak widths and more along the values expected for 
this kind of system. Similarly, the 1H T2 times measured on the 2-aminophenol using 
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CPMG are order of magnitude longer than the ones obtained from peak widths and more 
similar to 1H T1 as one would expect for small molecules in solution.  
The CPMG-derived 1H T2 times of both “free” and “bound” aniline in the presence of 
stationary phases are all shorter compared to analogous times measured in the absence of 
stationary phase, which is  not always the case for the T2 times evaluated from peak 
widths. Furthermore, the CPMG-derived T2 values for “bound” aniline are shorter by 
approximately one order of magnitude compared to the “free” aniline consistent with 
restriction of rotation induced by the interaction with stationary phase. The CPMG-
derived 1H T2 times for 2-aminophenol in “solution only” are also in general longer than 
1H T2 times for 2-aminophenol in the presence of stationary phases except the CSH hexyl-
phenyl phase (we’ll discuss this case below).  
 
Our results suggest that the line widths we observe have contribution between 2 to 14 Hz 
that is either due to inhomogeneous broadening or unresolved scalar couplings. Since 
using peak widths to estimate T2 does not appear sufficiently accurate for our purposes, 
in this project, we only employ CPMG for T2 relaxation measurements.  
 
Table 7.6. 1H T2 relaxation measured using CPMG and peak width analysis of 0.5 M 
aniline in the 50:50 % v/v MeCN:D2O (from top to bottom according to HPLC elution 
order): mobile phase in the absence of stationary phases (solution only) and in the 
presence of BEH-C18, BEH-phenyl, BEH-RP18, CSH hexyl-phenyl and HSS T3 
stationary phases. HR-MAS data were obtained at 500 MHz spectrometer at 313 K and 
5.0 kHz spinning frequency.  
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Because in our experiments we observe analytes in different chemical exchange regimes, 
we need to consider how this affects the measured relaxation rates. 
In the slow exchange regime, T2 for both bound and free analyte can be obtained provided 
the peaks are well resolved. The CPMG-derived T2 times of aniline in the absence of 
stationary phases given in Table 7.6 can be used as a reference relaxation time where no 
exchange process with stationary phase is possible. The data in Table 7.6 show that for 
both the “free” and “bound” aniline the CPMG-derived T2 relaxation times in the presence 
of stationary phase are shorter compared to aniline in solution only due to exchange 
contribution to the rate induced by transient interaction. Shorter T2 indicates longer 
correlation time for the overall tumbling and/or presence of exchange process. The 
relaxation times for “bound” aniline are consistent with them representing molecules 
adsorbed on the stationary phase are shorter by an order of magnitude compared to “free” 
peaks.  
Table 7.7. 1H T2 relaxation times for 0.5 M 2-aminophenol in 50:50 % v/v MeOH:D2O 
(from top to bottom according to HPLC elution order):  mobile phase measured using 
CPMG and estimated from peak widths in the absence of stationary phases (solution only) 
and in the presence of BEH-C18, BEH-phenyl, BEH-RP18, CSH hexyl-phenyl and HSS 
T3 stationary phases. HR-MAS data were obtained at 500 MHz spectrometer at 313 K 
and 5.0 kHz spinning frequency.  
 
In the fast exchange regime where only one resonance is observed at the average position 
for the chemical shifts in the bound and free form, the measured T2 reflects the population 
weighted average of relaxation times in the two environments [240]: 1Äu8.· = 	 v‹Äu‹ + v˜Äu˜  (7.3) 
where pF and pB are the populations of the molecules in, respectively, free and bound 
state, Äu‹is the T2 for free analyte and Äu˜ is the T2 for the bound analyte. 
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For 2-aminophenol, which is mostly in the fast exchange regime, the CPMG-derived 1H 
T2 relaxations times measured in solution only are longer than those measured in the 
presence of stationary phases. The shortest 1H T2 relaxation times were observed for 2-
aminophenol in the presence of HSS-T3 stationary phase and the longest in the presence 
of CSH hexyl phenyl stationary phase (see Table 7.7). Interestingly, 2-aminophenol has 
the longest retention time on CSH hexyl phenyl SP but the retention time on HSS-T3 SP 
is in the “middle of the pack” (see Table 7.7).  
However, there is one observation that does not seem to make much physical sense: some 
of the T2 times measured for 2-aminophenol in the presence of CSH-hexyl-phenyl SP 
appear longer  than T2 times measured in the absence of any stationary phase. As we will 
see below this can be explained and points us towards limitations of the approach 
proposed so far. 
In general, relaxation measurements are dependent on the time scale and amplitude of 
motion. For a molecule tumbling freely in solution the overall motion will dominate the 
measured relaxation rate and the molecule will sample all possible orientations with 
respect to the direction of the magnetic field in a very short amount of time [357]. The so 
far unspoken in our discussion and, in fact, most related studies in the literature is the 
assumption that because of the transient nature of the interactions between analytes and 
stationary phases, as a result of the interaction, only the effective correlation time will be 
affected and not really the amplitude – it is expected that the molecules will still sample 
all possible orientation just like the free molecules in solution. However, if sufficiently 
strong interactions are present the amplitude of the motion may be also affected with at 
least some of the interactions (we have to remember that typically multiple interaction 
contribute to retention mechanism) preventing the adsorbed molecule from sampling all 
possible orientations. We propose this to be the case for 2-aminophenol interacting with 
CSH-hexyl-phenyl SP. However, we have observed an even clearer case of such 
phenomenon for some bulky analytes employed in our study. Table 7.8 lists the 1H T2 
relaxation times of meclizine in 50:50 % v/v MeOH:D2O mobile phase in the absence of 
any stationary phase (solution only) and in the presence of our five stationary phases. For 
some protons in meclizine in the presence of stationary phases the measured T2 is longer 
compared to the T2 measured in the absence of any stationary phase, which is not 
physically possible in case where only effective correlation time is affected by the 
interaction. The only physically plausible explanation of this observation is that strong 
interaction of the analyte with stationary phase leads to partial immobilisation of the 
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molecule, which causes decrease of the amplitude of motion. This interpretation is 
consistent with the fact that meclizine sticks to the stationary phases in HPLC under 
employed conditions and does not elute (see Chapter 8). 
To quantify generalised amplitude of motion one can use so called order parameter, S2, 
which takes values between 0 and 1 with 0 indicating unrestricted motion and 1 indicating 
complete rigidity [355, 357-359]. Meclizine tumbling freely in solution will sample all 
possible orientations with the order parameter for this motion being equal to 0. If 
meclizine interact transiently with a stationary phase then it can still sample all possible 
orientations with the amplitude of the motions being characterised by S2 = 0 but will have 
longer effective correlation time. In such a case, in the presence of stationary phase, the 
measured T2 would decrease [240]. However, if meclizine is arrested for longer periods 
of time in specific orientations the effective S2 will become greater than 0. In that case we 
will have two competing effects: increase in S2 will result in increase of T2 but the increase 
in the effective correlation time will result in decrease of T2. In cases, where the effect of 
the changing amplitude of motion becomes dominant the T2 measured in the presence of 
stationary phase will be longer than T2 measured in the absence of stationary phase. Such 
ambiguity means that under some conditions and without sufficient data constructing a 
complete picture of the internal dynamics from T1 and T2 relaxation may be challenging 
or even impossible [357].  
Table 7.8. 1H T2 relaxation of meclizine in 50:50 % v/v MeOH:D2O (from top to bottom 
according to HPLC elution order):  mobile phase in the absence of stationary phase 
(solution only) and in the presence of BEH-C18, BEH-phenyl, BEH-RP18, CSH hexyl-
phenyl and HSS T3 stationary phases. HR-MAS data were obtained at 500 MHz 
spectrometer at 313 K and 5.0 kHz spinning frequency.  
 
 T2 (s) 
Peak assignment Solution only BEH-C18 BEH-Phenyl BEH-RP18 CSH-Phenyl HSS T3 
H-1 (average) 0.7±0.07 1.0±0.1 0.8±0.08 0.8±0.08 0.7±0.07 0.7±0.2 
H-2 (average) 0.9±0.09 0.9±0.09 0.8±0.08 0.7±0.07 0.7±0.07 0.3±0.3 
H-3 (average) 0.4±0.04 0.5±0.05 0.4±0.04 0.4±0.04 0.7±0.2 0.4±0.05 
H-4 (average) 0.3±0.03 0.3±0.03 0.3±0.02 0.3±0.03 0.3±0.03 0.3±0.03 
H-5 (average) 0.2±0.02 0.2±0.02 0.2±0.02 0.2±0.02 0.2±0.02 0.2±0.02 
H-6 (average) 0.2±0.02 0.1±0.01 0.2±0.02 0.1±0.01 0.2±0.02 0.2±0.02 
H-7 (average) 0.7±0.07 0.9±0.09 0.7±0.07 0.7±0.07 0.7±0.07 0.7±0.07 
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7.16 Chemical exchange 
 
As we have mentioned above binding of analyte to stationary phase can be considered at 
least a two-site exchange process between free (F) and bound (B) forms:  
?	Gë⇌	Guï (7.4) 
where Gë is the rate constant of analyte adsorption onto the stationary phase and Gu is the 
rate constant of analyte desorption from the stationary phase. In such case, the equilibrium 
constant for the process can be expressed as:  
 
N|2 = GëGu = ú˜ú‹  (7.5) 
 
where ú‹  and ú˜  are the integrated intensities of peak for the free and bound analyte, 
which are proportional to the populations of molecules in these states [240]. 
Consequently, for an analyte in the slow exchange regime, when peaks in different 
environments are well resolved, it should be possible, in principle, to obtain N|2 for the 
process. For instance, the relative integrals of peaks for “free” and “bound” forms 
(normalised to the “free” form integrals) and N|2 rate constant for aniline in the 50:50 (% 
v/v) MeCN:D2O mobile phase in presence of BEH-C18, BEH-phenyl, BEH-RP18, CSH 
hexyl-phenyl and HSS T3 stationary phases is listed in Table 7.9. Overall, the equilibrium 
constants estimated from H-2 protons integrals are larger compared to the equilibrium 
constants estimated from H-1 integrals. This would suggest that the population of 
molecules interacting through H-2 protons is larger than the population of molecules 
interacting  through H-1 protons, i.e. the probability of interaction through H-2 protons is 
higher than interaction through H-1 protons. In turn, this could indicate that the H-2 
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Table 7.9. Relative integrals and equilibrium constants for aniline in 50:50 % v/v 
MeCN:D2O (from top to bottom according to HPLC elution order): mobile phase in the 
presence of  BEH-C18, BEH-phenyl, BEH-RP18, CSH hexyl-phenyl and HSS T3 
stationary phases. HR-MAS data were obtained at 500 MHz spectrometer at 313 K and 
5.0 kHz spinning frequency.  
 
SP HPLC Retention time (mins) 
ú@ ú¯  N|2 
H-1(f) H-2(f) H-1(b) H-2(b) H-1 H-2 
BEH-C18 3.58 1.00 1.00 0.38 0.50 0.38 0.50 
BEH-Phenyl 3.67 1.00 1.00 0.50 0.54 0.50 0.54 
BEH-RP18 3.73 1.00 1.00 0.26 0.31 0.26 0.31 
CSH hexyl phenyl 3.80 1.00 1.00 0.47 0.62 0.47 0.62 
HSS T3 4.22 1.00 1.00 0.30 0.37 0.30 0.37 
 
Even though this way to gain insights into the interactions between analytes and stationary 
phases is relatively quick and simple, it also comes with several limitations. To calculate 
the equilibrium constants we assumed a two site exchange model, but often multiple site 
exchange needs to be considered [95]. Also overlapping peaks complicate the estimation 
of equilibrium constant. However, such information may be useful in specific cases where 
it is available. 
In principle, in the slow exchange it could be also possible to extract the rates for 
adsorption and desorption of the analyte as the transverse  relaxation rates are expressed 
as: 1Äu,‹ziI = 9u,‹ziI = 	9u,‹U + Gë		and	 1Äu,˜ziI = 9u,˜ziI = 	9u,˜U + Gu (7.6) 
 
where 	9u,‹U 	and 9u,˜U 	are contribution to transverse relaxation from the overall tumbling 
in the absence of exchange process, and k1 and k2 are respectively rates of adsorption and 
desorption of the analyte onto the stationary phase. However, even though 9u,‹U 	could be, 
to a good approximation, estimated from T2 measured in the absence of stationary phases, 
it is difficult to obtain a similar estimate for 9u,˜U . Thus rates of adsorption of analyte onto 
stationary phases could be estimated in a straightforward manner but rates of desorption 
are far more challenging to obtain.  
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Obviously, if the analyte is in the fast exchange regime as, e.g., 2-aminophenol, 
equilibrium constant cannot be estimated from peak integrals as only a single peak is 
observed at a frequency corresponding to the population weighted average of the 
chemical shift in the two environments:  
• =	v‹•‹ +	v˜•˜ (7.7) 
where v‹ and v˜ are the populations of the molecule in the free and bound states, •‹ and •˜ are the chemical shift of the molecule in free and bound state.  
For the analyte in fast exchange it is not easy to extract the rates for adsorption and 
desorption because the observed relaxation rate 9uziI(1/ÄuziI)  is expressed as:  
 
9uziI = 	9uU + v‹v˜(∆•)uG|  (7.8) 
 
where 9uU (1/ÄuU) is transverse relaxation in the absence of exchange, pF and pB are the 
populations of molecule in the free and bound state,  Dw is the chemical shift difference 
for the molecule in the free and bound states, kex is the exchange rate (kex = k1 + k2). 
Typically, the number of the correlated unknown variables is too large to obtain the 
relative populations in the different states. 
 
7.17 Combined application of 1H T1 and T2 to probe analyte interactions   
 
As it can be seen from the discussion so far because of the various factors contributing to 
relaxation rates as well as averaging effects it might not be easy to understand what is 
happening when using a single relaxation probe. Because 1H T1 and T2 depend differently 
on the time scale of motion and are differently affected by the presence of chemical 
exchange their combined application may increase our chances of understanding the 
processes occurring in the chromatographic system. For example, because T2 decreases 
monotonically with the increasing correlation time when paired with T1 it can aid 
resolving ambiguity of whether the correlation time is below or above the T1 minimum 
(see Figure 7.1). In addition, by examining both T1 and T2 one might have an easier time 
to identify the cases where changes in amplitude of motion play a significant role in 
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addition to the changes in the effective correlation time as a result of interaction. Finally, 
the combination of the two parameters may help to interpret the behaviour of the 
molecules in the different exchange regimes observed in the RP HPLC systems. 
Table 7.10 lists together 1H T1 and T2 relaxation times for aniline in 50:50 % v/v 
MeCN:D2O mobile phase in the absence of stationary phases and in the presence of BEH-
C18, BEH-phenyl, BEH-RP18, CSH hexyl-phenyl and HSS T3 stationary phases. More 
than two times shorter 1H T2 compared to T1 in the absence of stationary phase suggest 
that the correlation time for overall tumbling of aniline is longer than the T1 minimum, 
which in turn means that under the considered conditions aniline exists in oligomeric 
rather than monomeric state (i.e. the correlation time is more consistent with tumbling 
species with the molecular weight/size larger than monomer of aniline). The apparent 1H 
T1 times for “free” aniline in the presence of all stationary phases appear to be generally 
longer than “solution only” values and the 1H T2 times for “free” aniline in the presence 
of all stationary phases appear to be generally 2-fold shorter  than “solution only” values 
which is either due to longer tumbling correlation time or exchange processes. As 
illustrated in Table 7.10, the 1H T2 of the bound aniline molecules are approximately 10-
fold shorter than free aniline in the presence of stationary phases which suggest restricted 
motion of aniline molecules onto the stationary phases due to transient interactions.  
In general, there is no easy link between the 1H T1 or T2 relaxation measurements and 
HPLC retention times of aniline across the five stationary phases. However, the largest 
change of 1H T2  was observed between the free aniline in solution only and in the 
presence of HSS T3 across both H-1 and H-2 protons. Likewise, the longest HPLC 
retention time of aniline was also observed in the presence of HSS T3. This is 
unsurprising as HSS T3 is known to provide superior polar compound retention due to its 
T3 endcapping process which has proven more effective than trimethylsilane (TMS) 
endcapping [329, 360-362]. Additionally, the HSS T3 stationary phase used in this study 
is reported to have a higher surface area compared to the remaining stationary phases (230 
m2/g compared to 185 m2/g) which can yield higher ligand density and thus higher 
retention [177, 363-365]. Furthermore, the 1H T2 relaxation times of free aniline in the 
presence of BEH-RP18 stationary phase are slightly shorter compared to BEH-C18, 
BEH-Phenyl and CSH hexyl-phenyl stationary phases. This difference in the presence of 
BEH-RP18 could potentially be attributed to Van der Waals and hydrogen bonding 
interactions from the polar embedded polar embedded groups [292, 366-369]. Generally, 
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the 1H NMR data of aniline suggests hydrophobic, Van der Waals and hydrogen bonding 
interactions dictates the retention mechanism of aniline across all five stationary phases. 
The 1H T1 and T2 relaxation times for 2-aminophenol in 50:50 % v/v MeOH:D2O mobile 
phase, where is in the fast exchange regime, and in the presence of different stationary 
phase is presented in Table 7.11. The 1H T1 relaxation times for 2-aminophenol in solution 
only and in the presence of stationary phase are similar and generally shorter except for 
the case of BEH-C18 SP where they are longer (2-aminophenol is the least retained on 
BEH-C18 SP under these conditions – see Chapter 8). 
Table 7.10. 1H T1 and T2 relaxation times for aniline in 50:50 % v/v MeCN:D2O (from 
top to bottom according to HPLC elution order):  mobile phase in the absence of 
stationary phase (solution only) and in the presence of BEH-C18, BEH-phenyl, BEH-
RP18, CSH hexyl-phenyl and HSS T3 stationary phases. Data were obtained at 500 MHz 
spectrometer at 313 K and 5.0 kHz spinning frequency.  
 
Overall, the largest changes in 1H T1 are observed for the H-2, which also follow the 
elution order observed in HPLC experiments (see Table 7.11), which could suggest that 
H-2 reports on the interaction that is mainly responsible for the different retention on the 
considered set of stationary phases. The correlation of the 1H T2 to HPLC retention data 
is less clear. Overall, there are no strong systematic differences between 2-aminophenol 
on different stationary phases. The most distinct is the set of T2 times on CSH-hexyl-
phenyl SP, which are the closest to the “solution only” values with H-3 being slightly 
larger potentially pointing to slightly preferred orientation for the interacting analyte. 
Again, 2-aminophenol is the most retained on CSH-hexyl-phenyl SP. Another aspect to 
point out is that the aromatic protons are in a slow exchange on BEH-phenyl and CSH-
hexyl-phenyl SPs, which are also characterised by the longest retention times of 2-
aminophenol. Overall, the data suggest that one of the main factors for this molecule that 
determines the elution order is the polarity (i.e. the compound is more retained on 
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stationary phases according to their selectivity for polar interactions) with extra 
contribution from p-p stacking on stationary phases with aromatic functional groups.   
 
Table 7.11. 1H T1 and T2 relaxation for 2-aminophenol in 50:50 % v/v MeOH:D2O (from 
top to bottom according to HPLC elution order):  mobile phase in the absence of 
stationary phases (solution only) and in the presence of BEH-C18, BEH-phenyl, BEH-
RP18, CSH hexyl-phenyl and HSS T3 stationary phases. Data were obtained at 500 MHz 






1H T1 (s) 1H T2 (s) 
H-1(a) H-2(a) H-3(a) NH2+H2O (a) MeOH (a) H-1(a) H-2(a) H-3(a) MeOH (a) 
Solution only  4.3±0.2 3.8±0.2 3.9±0.2 6.4±0.6 7.2±1.8 2.5±0.3 2.4±0.2 2.3±0.2 4.4±0.4 
BEH-C18  3.13 4.5±0.2 4.4±0.2 4.1±0.2 5.6±0.6 5.3±1.3 1.6±0.2 1.5±0.2 1.5±0.2 2.4±0.2 
BEH-RP18 3.34 4.3±0.2 3.9±0.2 3.7±0.2 5.8±0.6 5.4±1.4 1.6±0.2 1.7±0.2 1.5±0.2 2.8±0.3 
HSS T3  3.56 4.0±0.2 3.8±0.2 3.9±0.2 5.9±0.6 5.3±1.3 1.5±0.2 1.5±0.2 1.4±0.1 2.6±0.3 
BEH-Phenyl  3.59 4.2±0.2 3.5±0.2 3.6±0.2 7.5±0.8 7.7±1.9 1.7±0.2 1.7±0.2 1.7±0.2 2.6±0.3 
CSH hexyl phenyl 3.81 4.2±0.2 3.4±0.2 3.9±0.2 6.5±0.7 6.7±1.7 2.2±0.2 2.3±0.2 2.2±0.2 3.0±0.3 
 
7.18 Conclusion  
 
In this Chapter we have explored the use of 1H T1 and T2 relaxation times for probing the 
nature of interactions between analytes and stationary phases. We have critically 
evaluated the basic premise of our approach that changes in molecular motions of analytes 
due to interactions with stationary phases can be used to indirectly report on the 
interactions. We have shown that a whole range of chemical exchange regimes, from slow 
to fast exchange, can be observed for analytes interacting with stationary phases. We have 
also demonstrated that different sites in molecules can exhibit exchange in different 
regime at the same time. We have shown that the chemical exchange regime and strength 
of the interaction can lead to different effects on the measured relaxation rates.  
T1 relaxation was investigated to probe the molecular interactions between aniline, 2-
aminophenol and various HPLC stationary phases. We have established, hinderance of 
rotation due to transient interactions leads to shorter T1 times only if the correlation times 
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for overall rotational diffusion of free and interacting analyte are in the fast motion limit. 
However, interpreting T1 times can be complex when the correlation time is over a range 
of values.  
Two approaches of estimating T2 relaxation times were investigated. Due to additional 
contributions from magnetic field inhomogeneities and unresolved long range 1H-1H 
scalar couplings, the T2 relaxation times obtained using peak widths based method were 
generally underestimated. The T2 relaxation values using CPMG pulses sequence were 
more representative of what we would expect for this kind of chromatographic system. 
To obtain accurate, reliable and reproducible 1H T2 relaxations measurements, data 
throughout this project were acquired using CPMG pulse sequence.  
We established that the challenging nature of the problem where the changes in time scale 
and amplitude of motion as a result of interaction have complex effects on the measured 
rates and contribute in a different way in different exchange regimes, often requires that 
we consider both T1 and T2 in order to get insights into the complex interdependencies for 
different interactions between analytes and stationary phase. 
At the same time we learned that, in spite of this complexity, we can gain considerable 
understanding of the retention mechanisms for different analytes provided that we are 
aware of the basic assumptions and limitations of the proposed approach. For example, 
we can discover which parts of molecules are most affected on different stationary phases 
and thus potentially link that insight to specific types of interactions. In addition, in 
favourable cases we can get an idea if adsorption or if favourable orientations takes place 
on stationary phases. 
Finally, we established the equilibrium constants are obtainable for an analyte in the slow 
exchange regime with well resolved peaks. Although this approach is quick and simple 
for probing the interactions between analytes and stationary phases, it does come with 
several limitations. For instance, overlapping peaks complicates the estimations of the 
equilibrium constants and if the analyte is in the fast exchange regime the equilibrium 
constants are not obtainable.  
In the absence of simple “one fits all” approach we established that analysis combining 
both 1H T1 and T2 relaxation times is the most robust and informative from all the 
considered approaches. This best approach will be used to study interactions of the 
analytes with stationary phases for the remainder of discussions.  
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8 PROBING THE INTERMOLECULAR 




Following the investigation of relaxation approaches (Chapter 7) for utility in gaining 
insights of molecular interactions between analytes and stationary phases in RP-HPLC, 
in the work presented here, the  1H HR MAS NMR relaxation measurement approach was 
used. 15 analytes, 2 mobile phases and 5 RP-HPLC stationary phase combinations were 
examined and comparisons of the relaxation measurement data with HPLC were made.  
 
8.2 Introduction  
 
For years, it was assumed that hydrophobic interactions were responsible for the only 
retention mechanisms, where the stationary phase plays a passive role and the mobile 
phase controls the separation [370]. However, it was discovered that several additional 
interactions could take place on the stationary phase [371-379]. For instance, residual 
ionised silanols (-SiO-) can retain protonated bases via cation-exchange, and neutral 
silanols (-SiOH) can interact with proton-acceptor solutions by hydrogen bonding 
interactions [380]. Furthermore, several additional interactions can contribute to the RP-
HPLC retention mechanism such as hydrogen bonding between basic (acceptor) analytes 
and acidic (donor) column groups, hydrogen bonding between acidic analytes and basic 
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column groups, column shape selectivity [381], cation-exchange, ionic interactions and 
 p-p stacking. Many of these interactions are not incorporated into the solvation equation 
model [382]. However, a more advanced model known as the Hydrophobic Subtraction 
Model (HSM) of selectivity reflects these several interactions [371, 375]:  
 
 log h = log _ GG„˜a = 	A′C− ÆDE∗ ∗ 	+ìDG	 + hDH+ I′J	 (8.1) 
 
where k is the retention factor of an analyte, kEB is the k value of a non-polar reference 
(e.g. ethylbenzene) under identical experimental conditions, the rest of the equation 
symbols represent either empirical, eluent and temperature-dependent properties of the 
analytes (A′ ,ÆD , 	ìD , 	hD , 	I′) or eluent and temperature independent properties of the 
stationary phase (H, S*, A, B, C) [370]. These parameters measure the physico-chemical 
nature of numerous stationary phases: H for hydrophobicity, S* represents the steric 
hindrance of bulky analyte molecules, A stationary phase hydrogen-bond acidity, B 
stationary phase hydrogen-bond basicity, C cation-exchange activity. The other 
parameters represent chemical properties of analyte; A′ analyte hydrophobicity, ÆDanalyte 
bulkiness, ìD hydrogen-bond basicity, hD hydrogen-bond acidity and I′ overall charge of 
the analyte. The parameters of these analytes are relative to the values of ethylbenzene 
(non-polar reference). The five terms (~ to =) of Equation 8.1 represent five interactions 
which take place between an analyte and stationary phase (see Figure 8.1). Terms ~ and @  - 	=  are attractive interactions and therefore positive. However, term Î  is repulsive 
interaction and thus is negative [375].  
In recent years, our understanding of such interactions has evolved by characterising and 
probing the molecular dynamics of various HPLC stationary phases via several NMR 
spectroscopy techniques. Both solution and solid-state NMR (1H HRMAS, 13C and 29Si 
MAS CP NMR) were previously used to characterise the chemical arrangement of a 
variety of stationary phases. 1H HRMAS NMR T1 and T2 relaxation techniques have been 
developed and were used successfully for probing such RP-HPLC interactions. One major 
advantage of HRMAS NMR technique is that the measurements can be obtained both on 
the analyte with mobile phase only (homogenous system) and analyte with mobile and 
stationary phase (heterogeneous system) to probe the strength of molecular dynamics 
(interaction) in different environments. However, a logical and in-depth understanding 
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between a variety of analytes, mobile and stationary phases remains a mystery. The 
primary aim of this study was to obtain an atomic scale measure of the type of interactions 
which take place between a series of analytes and RP-HPLC stationary phase. This data 
would either complement or improve our understanding of RP-HPLC experimental data 
obtained under similar conditions.   
 
Figure 8.1. Visual representation of the analyte-stationary phase interactions of Equation 
8.1. 
The 1H HRMAS NMR relaxation measurements obtained in this study were compared to 
HPLC retention times. This approach could theoretically provide further information 
about the contributions to the RP-HPLC retention.  
 
8.3 Experimental Methods  
A series of 15 analytes were investigated as shown in Figure 8.2 includes: (i) toluene, (ii) 
naphthalene, (iii) acenaphthylene, (iv) benzophenone, (v) biphenyl, (vi) propranolol, (vii) 
2-aminophenol, (viii) aniline, (ix) 3-hydroxybenzoic acid, (x) dipropyl phthalate, (xi) 
butyl 4-hydroxybenzoate, (xii) benzoic acid, (xiii) amitriptyline hydrochloride, (xiv) 
hydroxyzine dihydrochloride, (xv) meclizine dihydrochloride. DSS (4,4-dimethyl-4-
silapentane-1-sulfonic acid) was added to the samples as an internal reference. The 
solvents used were deuterium oxide, acetonitrile and methanol. BEH-C18 (~17% w/w 
carbon loading), BEH-phenyl (~15% w/w carbon loading), BEH-RP18 (~16% w/w carbon 
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loading), CSH-phenyl (~14% w/w carbon loading) and HSS T3 (~11% w/w carbon 
loading) stationary phases were taken from commercially available XBridgeTM columns 
with particle size of 5 µm and average pore diameter of 145 Å. The molecular weight, 
pKa, molar volume, logP, logD, number of hydrogen bond donors and acceptors (data 
obtained from ACD labs) of all 15 analytes are listed in Table 8.1. 
Table 8.1. Chemical and physical properties of 15 analytes investigated in this study. 
Analytes 
Molecular 






No. of H Bond 
Donors 
No. of H Bond 
Acceptors 
toluene 92.14 n/a 105.7 ± 3.0 2.68 ± 0.17 2.61 0 0 
aniline 93.13 4.6 ± 0.4 91.7 ± 3.0 0.94 ± 0.19 1.13 2 1 
2-aminophenol 109.13 
4.6 ± 0.4   
10.3 ± 0.4 
90.1 ± 3.0 0.44 ± 0.21 0.59 3 2 
Benzoic acid 122.12 4.1 ± 0.4 101.9 ± 3.0 1.89 ± 0.21 -0.63 1 2 
naphthalene 128.17 n/a 123.5 ± 3.0 3.45 ± 0.16 3.37 0 0 
3-hydroxybenzoic acid 138.12 
4.0 ± 0.4 
10.5 ± 0.5 
100.3 ± 3.0 1.5 ± 0.22 -1.03 2 3 
acenaphthene 154.21 n/a 134.9 ± 3.0 4.19 ± 0.2 4.01 0 0 
biphenyl 154.21 n/a 154.7 ± 3.0 3.98 ± 0.23 3.76 0 0 
benzophenone 182.22 n/a 167.5 ± 3.0 3.18 ± 0.29 2.98 0 1 
Butyl 4-hydroxybenzoate 194.23 8.5 ± 0.4 175.2 ± 3.0 3.46 ± 0.22 3.21 1 3 
Dipropyl phthalate 250.29 n/a 231.2 ± 3.0 3.76 ± 0.25 4.07 0 4 
propranolol 259.34 
13.9 ± 0.4 
9.5 ± 0.4 
237.1 ± 3.0 3.1 ± 0.25 0.18 2 3 
amitriptyline 277.4 9.2 ± 0.28 257.7 ± 3.0 4.92 ± 0.64 2.55 0 1 
hydroxyzine 374.9 
14.8 ± 0.5 
7.0 ± 0.5 
317.1 ± 3.0 2.03 ± 0.84 2.61 1 4 
Meclizine 390.95 5.9 ± 0.5 337.2 ± 3.0 4.99 ± 0.85 5.55 0 2 
 
The column selectivity (hydrophobicity, steric selectivity, acidic, basic and cation 
exchange parameters) of the 5 RP-HPLC stationary phases used in this study are given in 
Table 8.2. The columns parameters (H, S*, A, B, C)[370] were obtained from a column 
selectivity database available on www.hlpccolumns.org.  
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Figure 8.2. Chemical structures of all 15 analytes investigated in this study. 
Table 8.2. RP-HPLC stationary phase selectivity parameters[370] 
Column H1 S*2 A3 B4 C(pH 2.8)5 C(pH 7.0)6 
BEH-C18 1.000 0.020 -0.090 0.000 0.170 0.130 
BEH-phenyl 0.730 -0.070 -0.350 0.030 0.190 0.200 
BEH-RP18 0.830 -0.020 -0.370 0.090 -0.120 -0.050 
CSH hexyl-phenyl 0.708 -0.059 -0.435 0.129 -0.068 0.223 
HSS T3 0.940 -0.020 -0.170 0.000 0.030 0.180 
1H, column hydrophobicity, 2S*, steric hindrance of bulky analyte molecules,3A stationary 
phase hydrogen-bond acidity,4B stationary phase hydrogen-bond basicity,5C (pH 2.8) 
cation-exchange activity and 6C (pH 7.0) cation-exchange activity 
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8.3.1 HPLC Methods 
 
The RP-HPLC experiments were carried out at Pfizer laboratories using a Waters Acquity 
UPLC equipped with both UV (PDA) and MS detectors. Each analyte was individually 
run through the five studied stationary phases. The mobile phase was either solvent A 
(acetonitrile:water) (HPLC grade) or solvent B (methanol:water) both with a volume ratio 
of 50:50 (% v/v). The chromatographic system A flow rate of 0.4 mL/min at a temperature 
of 40 °C was used. The concentrations of the analytes were 0.25 mg/mL. 
 
8.3.2 NMR Methods 
 
Stock solution of solvent “A” contained deuterium oxide (D2O) and acetonitrile (MeCN) 
with a volume ratio of 50:50 was made. Solvent “B” was made of deuterium oxide (D2O) 
and methanol (MeOH) with a ratio of 50:50. The analytes were dissolved in either solvent 
“A” or “B” to a concentration of 0.5 M. 1H HRMAS NMR spectra of each analyte was 
obtained with the analyte in solution only and with the five stationary phases. For the 
analytes in solution only, 80 µL of the analyte was measured using an automated pipette 
and then placed into a 4-mm rotor (see Figure 8.3). For the analytes with added stationary 
phase, 10 mg of stationary phase is initially packed into the rotor followed by 60 µL of 
the dissolved analyte measured using an automated pipette which is then topped up with 
a further 10 mg of stationary phase (see Figure 8.3). 
 
Figure 8.3. Illustration of (a) aniline in solution only and (b) aniline in the presence of 
BEH C18 stationary phase. 
1H MAS NMR experiments were conducted at a 1H frequency of 500 MHz on a Bruker 
Avance II+ 500 spectrometer. The prepared samples were placed into 4 mm ZrO2 MAS 
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rotors (Bruker Biospin, Rheinstetten, Germany) with no spacer. The rotor was spun using 
air at the magic angle (θ = 54.4°) at a spinning speed of 5 kHz and at a controlled 
temperature of 313 K. As a standard, 1D 1H MAS NMR experiments were conducted 
using a 90° one-pulse sequence, where 8 transients were collected into a 20 k data points 
over a spectral width of 20000 Hz (40 ppm) with an acquisition time of 1 second. 
Exponential line-broadening of 0.5 Hz was applied before FT. All spectra were referenced 
to water peak at 313.15 K. 
 
8.3.2.1 Longitudinal Relaxation (T1) Measurements 
 
1H T1 was also measured by using a saturation-recovery pulse sequence (saturation – τ – 
90º– FID) with pulse nutation frequencies of 25 kHz. 8 transients were collected into 20 
k data points over a spectral width of 20000 Hz (40 ppm) with an acquisition time of 1 
seconds, relaxation delay of 2 seconds and with the recovery time ranging from 0 to 30 
seconds. Exponential line-broadening of 2.0 Hz was applied before FT.  The 1H T1 values 
were obtained by fitting the peak integrals as a function of recovery time to an 
exponential. Plots and calculations were performed using TopSpin 3.2 and Origin 9.3. 
8.3.2.2 Transverse Relaxation (T2) Measurements 
1H T2 relaxation times were measured by using the CPMG pulse sequence (90° - [τ1 – 
180° – τ1]n – FID) with a pulse nutation frequency of 25 kHz. 8 transients were collected 
into a 20 k data points over a spectral width of 20000 Hz (40 ppm) with an acquisition 
time of 1 second, relaxation delay of 16 seconds, τ1 of 1.2 ms and the number of loops (n) 
were varied accordingly to obtain 100% to 30% of initial intensity. The 1H T2 values were 
obtained by fitting the peak integrals as a function of recovery time to an exponential. 
Plots and calculations were performed using TopSpin 3.2 and Origin 9.3. 
 
8.4  Results and Discussion  
 
The following data can be found in appendix of this chapter: 1H HRMAS NMR spectra 
(Figure A.5-A.19 in appendix), 1H-13C HSQC, 1H-13C HMBC spectra (Figure A.20-A.26), 
RP-HPLC retention times (Table A.3-A.4 in appendix), T1, T2 relaxation values, (Tables  
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A.5-A.33 in appendix) of all 15 analytes in solution only and the presence of BEH-C18, 
BEH-phenyl, BEH-RP18, CSH hexyl-phenyl and HSS T3 RP-HPLC stationary phases.  
 
8.4.1 T1, T2 weighted average against retention time  
 
To investigate whether there is any simple correlation between the measured relaxation 
times and the retention times, which would allow grouping of the analytes into 
subcategories, we plotted the proton number weighted average ratio T1 and T2 against 
retention time in Figure 8.4.  
 
 
Figure 8.4. Plot of proton number weighted average of 1H T1 (left) and T2 (right) against 
retention time of 11 analytes dissolved in 50:50 (% v/v) MeCN:D2O in the presence of 5 
RP-HPLC stationary phases. HR-MAS data were obtained at 500 MHz spectrometer at 
313 K and 5.0 kHz spinning frequency.  
Amitriptyline, hydroxyzine, meclizine and propranolol were strongly retained on the 5 
stationary phases and if eluted, they could not be detected and thus could not be included 
onto the plots. Based on Figure 8.4 there is no strong clear correlation between the average 
of 1H NMR relaxation data and HPLC retention time. As a result, the NMR and HPLC 
data of each analyte are considered on individual site-specific basis (i.e. comparing the 
relative effect on different sites of the molecule in the absence of an absolute scale).  
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8.4.2 Toluene 
The measured 1H T1 and T2 relaxation times of toluene are given in Table 8.3 and 8.4. 
Toluene is least and most retained in the presence of BEH-Phenyl and HSS T3 stationary 
phase, respectively. This elution order was observed across both 50:50 (% v/v) 
MeCN:H2O and MeOH:H2O mobile phases (see Table 8.3 and 8.4 respectively). With an 
increase in carbon chain, the retention time of toluene increases which could suggest the 
retention mechanism is driven by hydrophobic interactions. A majority of the analytes 
also follow the same HPLC elution orders of toluene. Additionally, most of the analyte 
have longer retention times in the presence of MeOH:H2O mobile phase compared to 
MeCN:H2O. Methanol is more polar compared to acetonitrile which explains the longer 
retention times. It is worth mentioning, the separation selectivity differs for acetonitrile 
and methanol. This is because methanol is a polar protic solvent capable of hydrogen 
bonding while acetonitrile a polar aprotic solvent not capable of forming hydrogen bond. 
To supplement this assumption, the hydrophobicity subtraction model selectivity 
parameters of both and BEH-Phenyl (H = 0.730) and HSS T3 (H = 0.940) are compared 
in Table 8.5. Since toluene is a neutral analyte and cannot undergo ionic exchange, the 
retention mechanism of toluene is driven by hydrophobic interactions as illustrated in 
Table 8.5. 
Table 8.3. 1H T1 and T2 relaxation times for toluene in 50:50 % v/v MeCN:D2O (from top 
to bottom according to HPLC elution order):  mobile phase in the absence of stationary 
phase (solution only) and in the presence of BEH-C18, BEH-phenyl, BEH-RP18, CSH 
hexyl-phenyl and HSS T3 stationary phases. Data were obtained at 500 MHz 








H-1(f) H-2(f) H-3(f) H-1(b) H-2(b) H-3(b) 
Solution only n/a 6.4±0.1 6.5±0.1 6.4±0.1 n/a 
BEH-Phenyl 7.08 3.5±0.3 2.6±0.2 3.8±0.3 2.6±0.1 2.4±0.1 2.8±0.1 
CSH Hexyl-phenyl 7.55 5.7±0.5 4.3±0.1 3.9±0.2 3.1±0.1 2.8±0.1 3.1±0.1 
BEH-RP18 9.61 6.8±0.5 6.2±0.5 4.8±0.2 3.3±0.2 3.1±0.2 2.5±0.1 
BEH-C18 10.66 5.6±0.1 5.1±0.1 4.6±0.1 3.6±0.2 3.4±0.2 3.0±0.1 
HSS T3 13.69 8.5±0.9 6.8±0.5 5.4±0.2 3.5±0.1 3.5±0.1 2.9±0.1 
  T2(s) 
  H-1(f) H-2(f) H-3(f) H-1(b) H-2(b) H-3(b) 
Solution only n/a 3.5±0.1 3.5±0.1 3.5±0.1 n/a 
BEH-Phenyl 7.08 2.0±0.2 1.8±0.1 1.6±0.01 0.1±0.003 0.1±0.002 0.1±0.002 
CSH Hexyl-phenyl 7.55 1.3±0.1 1.0±0.04 1.1±0.1 0.1±0.003 0.1±0.002 0.1±0.002 
BEH-RP18 9.61 2.2±0.1 2.0±0.1 1.9±0.1 0.2±0.004 0.2±0.003 0.2±0.005 
BEH-C18 10.66 1.8±0.1 1.6±0.1 1.6±0.02 0.1±0.001 0.1±0.002 0.2±0.001 
HSS T3 13.69 2.4±0.1 2.7±0.2 2.5±0.1 0.3±0.002 0.3±0.005 0.5±0.003 
 
The largest changes in 1H T1 of toluene dissolved in 50:50 (% v/v) MeCN:D2O are 
observed for the H-1(f) and H-2(f) protons (see Table 8.3). Additionally, the largest 
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change in 1H T1 of toluene dissolved in 50:50 (% v/v) MeOH:D2O is observed for the H-
2(f) and H-2(b), which correlates to the elution order observed in HPLC experiments (see 
Table 8.4). Overall, the 1H T1 data could suggest that H-1 and H-2 dictates the interaction 
that is responsible for the different retention across the stationary phases. The correlation 
of the 1H T2 to HPLC retention data is less clear. Overall, there are no strong systematic 
differences between toluene dissolved in both mobile phase across the different stationary 
phases. The largest change in 1H T2 of toluene dissolved in 50:50 (% v/v) MeCN:D2O 
and MeOH:D2O compared to “solution only” was observed in the presence of CSH-
hexyl-phenyl and BEH-RP18 respectively. 
Table 8.4. 1H T1 and T2 relaxation times for toluene in 50:50 % v/v MeOH:D2O (from top 
to bottom according to HPLC elution order):  mobile phase in the absence of stationary 
phase (solution only) and in the presence of BEH-C18, BEH-phenyl, BEH-RP18, CSH 
hexyl-phenyl and HSS T3 stationary phases. Data were obtained at 500 MHz 








H-1(f) H-2(f) H-3(f) H-1(b) H-2(b) H-3(b) 
Solution only n/a 6.6±0.3 7.2±0.4 6.6±0.3 n/a 
BEH-Phenyl 12.24 2.9±0.2 2.2±0.1 3.8±02 1.6±0.1 1.6±0.03 2.0±0.1 
CSH Hexyl-phenyl 13.32 3.2±0.3 2.5±0.1 3.6±0.4 1.7±0.1 1.9±0.1 2.1±0.1 
BEH-RP18 17.55 5.6±0.7 3.9±0.2 4.3±0.3 1.7±0.1 1.7±0.03 1.6±0.1 
BEH-C18 21.57 4.8±0.6 4.7±0.5 3.3±0.1 1.5±0.1 1.5±0.1 1.5±0.1 
HSS T3 27.73 6.2±0.6 5.2±0.4 3.6±0.1 3.0±0.2 3.0±0.2 1.9±0.2 
  T2(s) 
  H-1(f) H-2(f) H-3(f) H-1(b) H-2(b) H-3(b) 
Solution only n/a 3.1±0.2 3.2±0.2 3.1±0.2 n/a 
BEH-Phenyl 12.24 2.5±0.2 2.1±0.1 2.0±0.1 0.05±0.002 0.1±0.003 0.1±0.002 
CSH Hexyl-phenyl 13.32 2.5±0.2 2.0±0.2 1.9±0.1 0.1±0.03 0.1±0.004 0.1±0.003 
BEH-RP18 17.55 1.9±0.1 1.8±0.04 1.7±0.03 0.1±0.02 0.1±0.002 0.1±0.002 
BEH-C18 21.57 2.0±0.2 1.9±0.1 1.8±0.1 0.04±0.03 0.04±0.001 0.1±0.002 
HSS T3 27.73 2.7±0.2 2.3±0.1 2.3±0.1 0.2±0.01 0.2±0.02 0.3±0.02 
 
Table 8.5.RP-HPLC stationary phase selectivity parameters of BEH-phenyl and HSS 
T3[370] 
Column H1 S*2 A3 B4 C(pH 2.8)5 C(pH 7.0)6 
BEH-phenyl 0.730 -0.070 -0.350 0.030 0.190 0.200 
HSS T3 0.940 -0.020 -0.170 0.000 0.030 0.180 
1H, column hydrophobicity, 2S*, steric hindrance of bulky analyte molecules,3A stationary 
phase hydrogen-bond acidity,4B stationary phase hydrogen-bond basicity,5C (pH 2.8) 
cation-exchange activity and 6C (pH 7.0) cation-exchange activity 
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8.4.3 Naphthalene 
 
The 1H T1 & T2 relaxation and HPLC elution orders of naphthalene is illustrated in Tables 
8.6 and 8.7. The HPLC elution orders of both naphthalene and toluene are identical and 
thus we can assume hydrophobic interactions drive the retention mechanism. Both free 
and bound peaks were observed in the 1H NMR spectra of naphthalene dissolved in both 
the mobile and across all five stationary phases which suggests that naphthalene is in the 
slow exchange regime. There was no clear correlation between the NMR relaxation and 
HPLC retentions of naphthalene. However, the largest change in T1 relaxation in the 
presence of stationary phase compared to solution only is observed in the presence of 
HSS T3. The HPLC results also indicated naphthalene is also most retained in the 
presence of HSS T3.  
 
Table 8.6. 1H T1 and T2 relaxation times for naphthalene in 50:50 % v/v MeCN:D2O (from 
top to bottom according to HPLC elution order):  mobile phase in the absence of 
stationary phase (solution only) and in the presence of BEH-C18, BEH-phenyl, BEH-
RP18, CSH hexyl-phenyl and HSS T3 stationary phases. Data were obtained at 500 MHz 




SP HPLC Rt (mins) 
T1(s) 
H-1(f) H-2(f) H-1(b) H-2(b) 
Solution only n/a 5.6±0.1 6.0±0.1 n/a 
BEH-Phenyl 9.02 7.7±0.4 7.8±0.5 4.5±0.1 4.4±0.1 
CSH Hexyl-phenyl 9.79 8.3±0.6 7.7±0.5 4.1±0.2 3.8±0.2 
BEH-RP18 13.36 7.5±1.2 6.8±0.4 2.8±0.1 3.1±0.1 
BEH-C18 14.10 7.1±0.2 7.7±0.5 3.5±0.1 3.5±0.1 
HSS T3 18.68 7.1±0.3 9.9±0.4 3.7±0.1 3.8±0.1 
  T2(s) 
  H-1(f) H-2(f) H-1(b) H-2(b) 
Solution only n/a 2.8±0.1 2.9±0.03 n/a 
BEH-Phenyl 9.02 2.0±0.1 2.0±0.1 0.1±0.002 0.1±0.002 
CSH Hexyl-phenyl 9.79 2.5±0.1 2.5±0.1 0.1±0.003 0.1±0.007 
BEH-RP18 13.36 2.0±0.1 2.2±0.1 0.1±0.002 0.1±0.004 
BEH-C18 14.10 2.2±0.03 2.3±0.04 0.1±0.002 0.1±0.001 
HSS T3 18.68 1.2±0.1 1.2±0.1 0.2±0.003 0.2±0.001 
 
The largest and smallest changes in T2 NMR relaxation in the presence of stationary phase 
compared to solution only were observed for H-1(f) and H-2(f) protons of naphthalene in 
50:50 MeCN:D2O in the presence of HSS T3 (H = 0.940)  and CSH Hexyl-phenyl (H = 
0.708)  respectively (see Table 8.6). To understand this difference in retention time, the 
hydrophobicity subtraction model selectivity parameters of both and CSH hexyl-phenyl 
and HSS T3 are compared in Table 8.8. Looking at Table 8.8, it is apparent that HSS T3 
has a higher column hydrophobicity compared CSH hexyl-phenyl. Thus, taking into 
consideration the HPLC retention time and HSM selectivity parameters, the T2 relaxation 
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of naphthene in 50:50 MeCN:D2O could indicate that strong hydrophobic interactions are 
taking place between naphthalene and HSS T3. Furthermore, for 50:50 MeOH:D2O 
mobile phase the largest change in T2 NMR relaxation of naphthalene in the presence and 
absence of stationary phase was observed for H-1(f) and H-2(f) protons in the case of 
BEH-phenyl (see Table 8.7). The origin of this observation is not clear. 
 
Table 8.7. 1H T1 and T2 relaxation times for naphthalene in 50:50 % v/v MeOH:D2O (from 
top to bottom according to HPLC elution order):  mobile phase in the absence of 
stationary phase (solution only) and in the presence of BEH-C18, BEH-phenyl, BEH-
RP18, CSH hexyl-phenyl and HSS T3 stationary phases. Data were obtained at 500 MHz 
spectrometer at 313 K and 5.0 kHz spinning frequency. 
MeOH/H2O 
 
SP HPLC Rt (mins) 
T1(s) 
H-1(f) H-2(f) H-1(b) H-2(b) 
Solution only n/a 6.4±0.1 6.7±0.2 n/a 
BEH-Phenyl 20.79 5.1±0.9 4.7±0.5 1.9±0.2 1.7±0.1 
CSH Hexyl-phenyl 23.06 5.9±0.7 4.1±0.8 2.1±0.2 1.5±0.1 
BEH-RP18 34.17 5.2±0.5 6.0±1.0 1.8±0.3 1.4±0.2 
BEH-C18 37.60 5.0±0.3 5.2±0.4 1.4±0.1 1.2±0.1 
HSS T3 49.11 8.6±1.8 7.6±1.5 1.9±0.1 2.3±0.1 
  T2(s) 
  H-1(f) H-2(f) H-1(b) H-2(b) 
Solution only n/a 2.4±0.05 2.5±0.1 n/a 
BEH-Phenyl 20.79 1.2±0.05 1.4±0.1 0.1±0.007 0.1±0.004 
CSH Hexyl-phenyl 23.06 1.8±0.3 1.7±0.2 0.1±0.05 0.1±0.005 
BEH-RP18 34.17 1.9±0.1 1.8±0.1 0.05±±0.003 0.05±0.003 
BEH-C18 37.60 1.7±0.1 1.6±0.1 0.04±0.004 0.04±0.002 
HSS T3 49.11 1.3±0.2 1.7±0.3 0.1±0.005 0.1±0.007 
 
Table 8.8. RP-HPLC stationary phase selectivity parameters[370] 
Column H1 S*2 A3 B4 C(pH 2.8)5 C(pH 7.0)6 
CSH hexyl-phenyl 0.708 -0.059 -0.435 0.129 -0.068 0.223 
HSS T3 0.940 -0.020 -0.170 0.000 0.030 0.180 
1H, column hydrophobicity, 2S*, steric hindrance of bulky analyte molecules,3A stationary 
phase hydrogen-bond acidity,4B stationary phase hydrogen-bond basicity,5C (pH 2.8) 




Another analyte which follows the same elution order of toluene and also undergoes slow 
chemical exchange is acenaphthene. We discovered that acenaphthene is poorly soluble 
in 50:50 (% v/v) MeOH:D2O and therefore no NMR and HPLC data were obtained. 
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Conversely, the T1 & T2 relaxation and HPLC data of acenaphthene dissolved in 50:50 
(% v/v) MeCN:D2O is displayed in Table 8.9. Similarly, to naphthalene, no clear 
agreement between the 1H T1 or T2 relaxation measurements and HPLC retention times 
of acenaphthene across the five stationary phases. Conversely, the largest change of 1H 
T1 was observed between the free acenaphthene in solution only and in the presence of 
HSS T3 across both H1 and H4 protons. Similarly, the longest HPLC retention time of 
acenaphthene was also observed in the presence of HSS T3. This could potentially 
suggest that both H-1 and H-4 dictate the retention of acenaphthene in the presence of      
HSS T3.  
Additionally, the smallest change in both 1H T1 and T2 was observed between free 
acenaphthene in solution only and presence of BEH-phenyl stationary phase. Likewise, 
acenaphthene was least retained in the presence of BEH-phenyl. The largest change in 1H 
T2 relaxation was observed in the presence of BEH-C18. Keeping in mind both BEH-C18 
(H = 1.000) and HSS T3 (H = 0.940) have similar hydrophobicity selectivity parameters 
(see Table 8.1), we can conclude hydrophobic interactions dictates the retention order of 
acenaphthene across all five stationary phases. 
Table 8.9. 1H T1 and T2 relaxation times for acenaphthene in 50:50 % v/v MeCN:D2O 
(from top to bottom according to HPLC elution order):  mobile phase in the absence of 
stationary phase (solution only) and in the presence of BEH-C18, BEH-phenyl, BEH-
RP18, CSH hexyl-phenyl and HSS T3 stationary phases. Data were obtained at 500 MHz 
spectrometer at 313 K and 5.0 kHz spinning frequency. 
MeCN/D2O 
 
SP HPLC Rt (mins) 
 T1(s)  
H-1(f) H-2(f) H-3(f) H-4(f) H-1(b) H-2(b) H-3(b) H-4(b) 
Solution only n/a 5.9±0.2 6.1±0.4 5.8±0.3 2.7±0.1 n/a  
BEH-Phenyl 13.05 5.0±0.4 4.5±0.2 4.6±0.3 2.6±0.1 3.2±0.1 2.8±0.1 2.1±0.1 1.4±0.1 
CSH Hexyl-phenyl 14.46 9.7±1.2 12.2±2.6 6.4±0.3 3.4±0.1 3.7±0.1 3.4±0.1 2.4±0.1 1.7±0.1 
BEH-RP18 21.37 7.5±1.1 7.5±1.2 7.1±0/6 3.4±0.2 2.8±0.1 2.9±0.1 2.7±0.1 1.4±0.1 
BEH-C18 24.37 7.4±0.8 7.7±1.1 5.7±0.4 2.7±0.1 2.9±0.1 2.9±0.1 2.9±0.1 1.3±0.04 
HSS T3 32.95 10.2±1.9 8.5±1.6 3.8±0.1 3.9±0.2 3.8±0.1 3.2±0.1 3.3±0.1 1.2±0.1 
   T2(s)  
  H-1(f) H-2(f) H-3(f) H-4(f) H-1(b) H-2(b) H-3(b) H-4(b) 
Solution only n/a 1.8±0.1 2.2±0.1 2.2±0.1 1.8±0.05 n/a  
BEH-Phenyl 13.05 1.8±0.1 1.9±0.1 1.7±0.1 1.2±0.07 0.1±0.004 0.1±0.004 0.1±0.004 0.1±0.003 
CSH Hexyl-phenyl 14.46 1.6±0.1 1.6±0.1 0.2±0.005 1.2±0.07 0.1±0.005 0.1±0.002 0.1±0.003 0.1±0.002 
BEH-RP18 21.37 1.5±0.1 1.3±0.1 1.2±0.1 1.2±0.1 0.2±0.004 0.1±0.006 0.1±0.007 0.1±0.002 
BEH-C18 24.37 1.4±0.1 1.2±0.1 1.3±0.1 1.2±0.03 0.1±0.02 0.1±0.03 0.1±0.003 0.1±0.003 
HSS T3 32.95 1.7±0.1 1.7±0.1 0.3±0.004 1.4±0.07 0.3±0.04 0.2±0.003 0.2±0.004 0.1±0.002 
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8.4.5 Benzophenone 
 
Even though the HPLC elution order of benzophenone is similar to that of toluene, the T1 
and T2 relaxation of benzophenone dissolved in MeCN:D2O had no clear agreement with 
the HPLC elution orders (see Table 8.10). Therefore, correlating the NMR and HPLC 
retention of benzophenone across the five stationary phases is challenging. 
For instance, the largest change of T2 relaxation was observed between the free 
benzophenone in solution only and in the presence of CSH hexyl-phenyl and BEH-
phenyl. Conversely, the smallest change was in T2 relaxation observed in the presence of 
HSS T3. The HPLC retention indicates that benzophenone is most retained on HSS T3 
and least retained on the BEH-phenyl stationary phases which opposes the NMR data.  
On the other hand, the largest change in T2 relaxation of benzophenone dissolved in 50:50 
MeOH:D2O was observed in the presence of HSS T3 (H = 0.940) stationary phase (see 
Table 8.11) which suggest hydrophobic interactions are taking place.  
Table 8.10. 1H T1 and T2 relaxation times for benzophenone in 50:50 % v/v MeCN:D2O 
(from top to bottom according to HPLC elution order):  mobile phase in the absence of 
stationary phase (solution only) and in the presence of BEH-C18, BEH-phenyl, BEH-
RP18, CSH hexyl-phenyl and HSS T3 stationary phases. Data were obtained at 500 MHz 









H-1(f) H-2(f) H-3(f) H-1(b) H-2(b) H-3(b) 
Solution only n/a 4.5±0.1 5.1±0.2 4.5±0.1 n/a 
BEH-Phenyl 8.12 6.1±0.1 6.1±0.4 5.5±0.2 4.3±0.1 4.3±0.1 3.9±0.1 
CSH Hexyl-phenyl 8.74 7.8±0.6 14.7±1.1 7.7±0.6 4.7±0.1 4.6±0.1 4.2±0.1 
BEH-RP18 10.55 5.8±0.3 7.1±0.7 6.0±0.3 3.3±0.1 3.3±0.1 3.2±0.1 
BEH-C18 10.71 5.8±0.2 6.2±0.3 5.1±0.1 3.9±0.1 3.9±0.1 3.7±0.04 
HSS T3 15.09 6.0±0.3 6.3±0.3 5.2±0.2 3.7±0.1 3.7±0.1 3.5±0.1 
  T2(s) 
  H-1(f) H-2(f) H-3(f) H-1(b) H-2(b) H-3(b) 
Solution only n/a 2.8±0.05 3.0±0.1 2.8±0.04 n/a 
BEH-Phenyl 8.12 1.5±0.1 1.5±0.1 1.4±0.05 0.2±0.004 0.1±0.003 0.1±0.003 
CSH Hexyl-phenyl 8.74 1.1±0.1 0.4±0.1 0.5±0.1 0.1±0.002 0.1±0.001 0.1±0.002 
BEH-RP18 10.55 1.9±0.02 1.9±0.1 1.8±0.02 0.2±0.07 0.1±0.005 0.1±0.04 
BEH-C18 10.71 2.1±0.03 2.1±0.1 1.9±0.1 0.8±0.1 0.8±0.1 0.7±0.1 
HSS T3 15.09 2.2±0.02 2.2±0.04 2.1±0.04 0.4±0.04 0.3±0.04 0.3±0.03 
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Table 8.11. 1H T1 and T2 relaxation times for benzophenone in 50:50 % v/v MeOH:D2O 
(from top to bottom according to HPLC elution order):  mobile phase in the absence of 
stationary phase (solution only) and in the presence of BEH-C18, BEH-phenyl, BEH-
RP18, CSH hexyl-phenyl and HSS T3 stationary phases. Data were obtained at 500 MHz 




SP HPLC Rt (mins) 
T1(s) 
H-1(f) H-2(f) H-3(f) H-1(b) H-2(b) H-3(b) 
Solution only n/a 3.8±0.5 3.4±0.6 3.5±0.2 n/a 
BEH-Phenyl 21.46 1.5±0.1 1.2±0.1 1.3±0.1 1.5±0.1 1.2±0.1 1.3±0.1 
BEH-RP18 22.54 2.3±0.1 1.3±0.1 2.2±0.3 1.3±0.1 1.1±0.1 1.2±0.03 
CSH Hexyl-phenyl 23.01 1.5±0.1 1.4±0.1 1.4±0.1 1.5±0.1 1.4±0.1 1.4±0.1 
BEH-C18 24.70 3.5±0.2 4.4±1.0 2.4±0.1 1.3±0.1 1.2±0.1 1.2±0.1 
HSS T3 37.33 1.3±0.1 0.7±0.2 1.1±0.1 1.3±0.1 0.7±0.2 1.1±0.1 
  T2(s) 
  H-1(f) H-2(f) H-3(f) H-1(b) H-2(b) H-3(b) 
Solution only n/a 2.5±0.1 2.2±0.2 2.4±0.1 n/a 
BEH-Phenyl 21.46 0.1±0.004 0.1±0.004 0.08±0.004 0.1±0.004 0.1±0.004 0.08±0.004 
BEH-RP18 22.54 1.9±0.2 0.03±0.003 2.1±0.2 0.03±0.003 0.02±0.001 0.02±0.001 
CSH Hexyl-phenyl 23.01 0.1±0.003 0.05±0.004 0.05±0.004 0.09±0.003 0.05±0.004 0.05±0.004 
BEH-C18 24.70 1.5±0.1 1.5±0.1 1.7±0.1 0.03±0.002 0.02±0.001 0.02±0.001 







1H T1 & T2 relaxation and HPLC elution orders of biphenyl is illustrated in Tables 8.12 
and 8.13. The 1D 1H NMR spectra of biphenyl indicates it is undergoing slow exchange 
across all 5 stationary phases. However,  both the H-1 (bound) and H-2 (free) peaks 
overlapped and hence were not reported. Biphenyl also followed the HPLC elution order 
of toluene which suggests an increase in retention with an increase of stationary phase 
hydrophobicity. However, no clear correlation was identified between the NMR data and 
HPLC retention times. The 1H T1 relaxation of biphenyl (H3 free peak) dissolved in 50:50 
MeCN:D2O followed the HPLC elution order with the largest change in the presence of 
stationary phase and solution only was observed in the presence of HSS T3. Additionally, 
the 1H T1 relaxation of biphenyl (H-2 bound peak) dissolved in 50:50 MeOH:D2O also 
followed the HPLC elution order. The 1H T1 data suggest, H-3 and H-2 potentially 
dominate the retention mechanism of biphenyl dissolved in MeCN:D2O and MeOH:D2O 
respectively. On the other hand, the 1H T2 relaxation data of biphenyl showed no 
agreement with the HPLC elution order in both mobile phases which remains unclear.  
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Table 8.12. 1H T1 and T2 relaxation times for biphenyl in 50:50 % v/v MeCN:D2O (from 
top to bottom according to HPLC elution order):  mobile phase in the absence of 
stationary phase (solution only) and in the presence of BEH-C18, BEH-phenyl, BEH-
RP18, CSH hexyl-phenyl and HSS T3 stationary phases. Data were obtained at 500 MHz 
spectrometer at 313 K and 5.0 kHz spinning frequency. 
MeCN/D2O 
 
SP HPLC Rt (mins) 
T1(s) 
H-1(f) H-3(f) H-2(b) H-3(b) 
Solution only n/a 4.2±0.1 4.7±0.1 n/a 
BEH-Phenyl 12.51 6.1±0.5 3.5±0.2 2.9±0.1 2.7±0.1 
CSH Hexyl-phenyl 13.76 4.5±0.2 3.3±0.4 2.9±0.1 2.8±0.1 
BEH-RP18 19.26 5.1±0.1 4.1±0.1 2.4±0.1 2.6±0.1 
BEH-C18 21.51 5.8±0.2 6.0±0.2 3.3±0.1 3.4±0.2 
HSS T3 29.76 5.1±0.3 8.0±0.4 2.7±0.2 2.8±0.2 
  T2(s) 
  H-1(f) H-3(f) H-2(b) H-3(b) 
Solution only n/a 2.8±0.03 2.9±0.04 n/a 
BEH-Phenyl 12.51 2.1±0.1 2.0±0.2 0.1±0.002 0.1±0.006 
CSH Hexyl-phenyl 13.76 2.1±0.1 2.2±0.4 0.1±0.002 0.1±0.002 
BEH-RP18 19.26 2.1±0.2 1.5±0.2 0.2±0.003 0.2±0.005 
BEH-C18 21.51 2.6±0.04 2.7±0.1 0.2±0.004 0.1±0.005 
HSS T3 29.76 2.3±0.1 2.2±0.3 0.3±0.006 0.3±0.007 
 
 
Table 8.13. 1H T1 and T2 relaxation times for biphenyl in 50:50 % v/v MeOH:D2O (from 
top to bottom according to HPLC elution order):  mobile phase in the absence of 
stationary phase (solution only) and in the presence of BEH-C18, BEH-phenyl, BEH-
RP18, CSH hexyl-phenyl and HSS T3 stationary phases. Data were obtained at 500 MHz 
spectrometer at 313 K and 5.0 kHz spinning frequency.  
MeOH/D2O 
 
SP HPLC Rt (mins) 
T1(s) 
H-1(f) H-3(f) H-2(b) H-3(b) 
Solution only n/a 2.4±0.3 4.2±0.2 n/a 
BEH-Phenyl 40.45 1.3±0.05 1.3±0.04 1.2±0.02 1.2±0.01 
CSH Hexyl-phenyl 46.31 1.2±0.2 1.2±0.1 1.3±0.1 1.2±0.1 
BEH-RP18 66.41 1.4±0.03 1.2±0.1 1.3±0.1 1.2±0.1 
BEH-C18 79.98 3.5±0.4 1.6±0.05 1.5±0.03 1.6±0.1 
HSS T3 88.10 1.4±0.1 1.4±0.1 1.9±0.2 1.4±0.1 
  T2(s) 
  H-1(f) H-3(f) H-2(b) H-3(b) 
Solution only n/a 2.2±0.2 2.1±0.1 n/a 
BEH-Phenyl 40.45 0.6±0.1 0.1±0.02 0.1±0.001 0.1±0.003 
CSH Hexyl-phenyl 46.31 0.1±0.005 0.1±0.01 0.1±0.004 0.1±0.009 
BEH-RP18 66.41 0.1±0.004 0.1±0.04 0.1±0.002 0.1±0.004 
BEH-C18 79.98 1.4±0.1 0.1±0.003 0.1±0.001 0.1±0.002 
HSS T3 88.10 0.1±0.003 0.1±0.002 0.2±0.001 0.1±0.002 
 
8.4.7 Butyl 4-Hydroxybenzoate 
 
1H NMR relaxation and HPLC retention times of butyl 4-hydroxybenzoate is illustrated 
in Tables 8.14 and 8.15. Butyl 4-hydroxybenzoate acid HPLC elution order is slightly 
Chapter 8: Probing the Intermolecular Interactions in RP-HPLC by NMR Relaxation 
 Azzedine A. Dabo - April 2019 190 
different to the analytes previously discussed. Butyl 4-hydroxybenzoate is least retained 
in presence of BEH-Phenyl (H = 0.730 and B = 0.030)  and most retained with BEH-
RP18 (H = 0.830 and B = 0.090) and HSS T3 (H = 0.940 and B = 0.000) respectively. 
Based on the HPLC elution order and HSM selectivity parameters (see Table 8.2) of all 
5 stationary phases, it can be assumed that hydrophobic and hydrogen-bond basicity 
interactions drive the retention mechanism of butyl 4-hydroxybenzoate. The NMR 
relaxation of butyl 4-hydroxybenzoate which undergoes slow exchange regime is 
illustrated in both Tables 8.14 and 8.15. Overall, the largest change in 1H T1 and T2 
relaxation of butyl 4-hydrobenzoate dissolved in MeCN:D2O was observed in the 
presence of BEH-RP18.  
 
Table 8.14. 1H T1 and T2 relaxation times for butyl 4-hydroxybenzoate in 50:50 % v/v 
MeCN:D2O (from top to bottom according to HPLC elution order):  mobile phase in the 
absence of stationary phase (solution only) and in the presence of BEH-C18, BEH-
phenyl, BEH-RP18, CSH hexyl-phenyl and HSS T3 stationary phases. Data were 








H-1(f) H-2(f) H-3(f) H-4(f) H-5(f) H-6(f) H-1(b) H-2(b) H-3(b) H-4(b) H-5(b) H-6(b) 
Solution only n/a 2.8±0.002 3.0±0.002 1.6±0.0001 1.6±0.0001 1.9±0.0001 2.1±0.0001 n/a 
BEH-Phenyl 5.75 4.1±0.3 2.1±0.1 4.9±0.04 1.7±0.1 1.7±0.1 2.2±0.2 2.8±0.05 2.6±0.02 3.3±0.1 1.3±0.1 1.7±0.2 1.9±0.1 
CSH Hexyl-
phenyl 6.64 4.2±0.5 1.7±0.1 3.5±0.05 2.0±0.2 1.7±0.2 2.0±0.1 2.2±0.1 1.9±0.1 2.6±0.1 1.3±0.2 1.5±0.2 1.7±0.1 
BEH-C18 7.36 4.1±0.1 4.6±0.2 5.7±0.1 1.7±0.1 1.8±0.1 1.8±0.1 2.9±0.1 2.8±0.1 2.4±0.2 1.4±0.1 1.5±0.1 1.5±0.1 
BEH-RP18 8.90 4.5±0.3 4.2±0.6 6.6±0.1 2.9±0.2 2.2±0.2 1.7±0.1 1.8±0.1 1.7±0.1 4.4±0.2 1.4±0.1 1.3±0.1 1.5±0.1 
HSS T3 9.72 3.5±0.1 4.0±0.1 2.2±0.1 1.6±0.2 1.8±0.1 1.8±0.1 3.0±0.1 3.2±0.1 1.7±0.1 1.4±0.1 1.6±0.1 1.8±0.1 
  T2(s) 
  H-1(f) H-2(f) H-3(f) H-4(f) H-5(f) H-6(f) H-1(b) H-2(b) H-3(b) H-4(b) H-5(b) H-6(b) 
Solution only n/a 1.7±0.1 1.7±0.1 0.9±0.02 1.0±0.02 1.3±0.02 1.4±0.02 n/a 
BEH-Phenyl 5.75 0.4±0.1 0.5±0.05 0.1±0.004 0.5±0.04 0.5±0.04 0.6±0.03 0.3±0.02 0.3±0.02 0.1±0.01 0.1±0.01 0.2±0.01 0.2±0.003 
CSH Hexyl-
phenyl 6.64 0.1±0.001 0.5±0.04 0.1±0.02 0.1±0.03 0.2±0.03 0.7±0.05 0.1±0.01 0.1±0.01 0.05±0.01 0.04±0.003 0.1±0.01 0.1±0.03 
BEH-C18 7.36 0.8±0.04 0.9±0.03 0.1±0.004 0.7±0.05 1.1±0.04 1.2±0.03 0.4±0.03 0.3±0.04 0.2±0.1 0.2±0.02 0.3±0.01 0.3±0.02 
BEH-RP18 8.90 0.4±0.04 0.5±0.1 0.8±0.02 0.4±0.04 0.6±0.06 0.8±0.05 0.1±0.01 0.1±0.02 0.6±0.1 0.1±0.03 0.1±0.01 0.2±0.01 
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Table 8.15. 1H T1 and T2 relaxation times for butyl 4-hydroxybenzoate in 50:50 % v/v 
MeOH:D2O (from top to bottom according to HPLC elution order):  mobile phase in the 
absence of stationary phase (solution only) and in the presence of BEH-C18, BEH-
phenyl, BEH-RP18, CSH hexyl-phenyl and HSS T3 stationary phases. Data were 
obtained at 500 MHz spectrometer at 313 K and 5.0 kHz spinning frequency.  
MeOH/D2O 
 
SP HPLC Rt (mins) 
T1(s) 
H-1(f) H-2(f) H-3(f) H-4(f) H-5(f) H-6(f) H-1(b) H-2(b) H-3(b) H-4(b) H-5(b) H-6(b) 
Solution only n/a 1.8±0.02 1.9±0.04 1.1±0.02 1.0±0.07 1.3±0.07 1.7±0.07 n/a 
BEH-Phenyl 10.12 2.7±0.1 2.4±0.04 1.4±0.03 1.2±0.1 1.3±0.1 1.9±0.1 1.8±0.1 1.7±0.1 0.9±0.05 N/A 1.1±0.1 1.4±0.1 
CSH Hexyl-
phenyl 21.63 2.6±0.05 2.2±0.04 1.5±0.02 1.3±0.1 1.3±0.05 2.0±0.1 1.7±0.1 1.6±0.1 1.0±0.1 N/A 1.1±0.04 1.4±0.1 
BEH-C18 26.79 2.8±0.1 2.9±0.1 1.5±0.1 1.1±0.1 1.2±0.05 1.4±0.1 1.8±0.1 1.8±0.1 1.0±0.1 1.0±0.04 1.0±0.02 1.1±0.04 
BEH-RP18 29.18 2.4±0.1 2.7±0.1 1.5±0.1 1.4±0.1 1.4±0.1 1.6±0.1 1.2±0.04 1.3±0.1 1.1±0.04 1.0±0.06 1.1±0.1 1.1±0.1 
HSS T3 38.00 2.4±0.1 2.9±0.1 1.4±0.04 1.1±0.1 1.1±0.04 1.4±0.05 1.5±0.1 1.5±0.1 0.8±0.04 0.8±0.03 0.8±0.03 0.9±0.04 
  T2(s) 
  H-1(f) H-2(f) H-3(f) H-4(f) H-5(f) H-6(f) H-1(b) H-2(b) H-3(b) H-4(b) H-5(b) H-6(b) 
Solution only n/a 1.2±0.03 1.2±0.1 0.6±0.01 0.7±0.02 1.0±0.01 1.1±0.01 n/a 
BEH-Phenyl 10.12 0.9±0.04 0.8±0.1 0.6±0.03 0.7±0.04 1.0±0.04 1.1±0.04 0.1±0.01 0.2±0.01 0.02±0.01 N/A 0.1±0.01 0.1±0.01 
CSH Hexyl-
phenyl 21.63 1.0±0.1 1.1±0.1 0.8±0.05 0.8±0.04 1.1±0.05 1.2±0.04 0.05±0.01 0.01±0.01 0.02±0.01 N/A 0.06±0.01 0.06±0.01 
BEH-C18 26.79 0.6±0.03 0.6±0.04 0.6±0.04 0.6±0.04 0.9±0.03 1.0±0.02 0.1±0.01 0.1±0.01 0.04±0.01 0.04±0.01 0.04±0.01 0.1±0.01 
BEH-RP18 29.18 0.7±0.1 0.8±0.1 0.6±0.04 0.5±0.04 0.7±0.03 0.9±0.05 0.02±0.01 0.04±0.01 0.02±0.01 0.04±0.01 0.03±0.01 0.06±0.01 
HSS T3 38.00 0.7±0.05 0.8±0.1 0.8±0.04 0.6±0.03 0.8±0.04 1.0±0.04 0.06±0.01 0.05±0.01 0.03±0.01 0.06±0.01 0.04±0.01 0.1±0.01 
 
 
Similarly, the largest change in 1H T1 of butyl 4-hydrobenzoate dissolved in MeOH:D2O 
was observed in the presence of BEH-RP18 and HSS T3. The 1H T1 relaxation of H-1 
(free) and H-6 (bound) followed the HPLC elution order which could suggest they both 
drive the elution of butyl 4-hydroxybenzoate across all 5 stationary phases. The most 
remarkable difference in 1H T1 relaxation was observed for the H-3 (free) proton of butyl 
4-hydrobenzoate in the presence of BEH-RP18. Knowing that BEH-RP18 has an 
embedded polar group, butyl 4-hydroxybenzoate has a hydroxy group and looking at the 
HSM selectivity parameters of BEH-RP18, this could suggest hydrogen bonding basicity 
interactions are taking place between butyl 4-hydrobenzoate and the polar embedded 
group of BEH-R18. Additionally, largest difference in 1H T2 when dissolved in butyl 4-
hydroxybenzoate was also observed in the presence of BEH-RP18. The NMR results 
indicate a higher tendency of probing the hydrogen bonding basicity interactions followed 
by hydrophobic interactions between butyl 4-hydroxybenzoate and the 5 stationary 
phases. Keeping in mind this analyte is most retained in the presence of BEH-RP18 and 
HSS T3 respectively, taking both the NMR and HPLC data acquired we can conclude 
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that 4-butyl hydroxybenzoate is retained by hydrophobic interaction followed by 
hydrogen bonding acidity interactions.  
 
8.4.8 Dipropyl phthalate 
 
Dipropyl phthalate and many other analytes have the same elution order as toluene. The 
1H NMR spectra of dipropyl phthalate in presence of the stationary phases indicates that 
this analyte is in the fast chemical exchange regime. 1H T1 & T2 and HPLC retention times 
are compared in Tables 8.16 and 8.17. Similar to previously discussed analytes, the 1H 
NMR relaxation data did not match the HPLC elution orders. However, across both 
mobile phases the largest difference in T1 relaxation measurements between solution only 
and in the presence of stationary phase was observed with BEH-C18. In contrast, dipropyl 
phthalate in the presence of BEH-RP18 when dissolved in MeCN:D2O has the largest 
perturbation on the 1H T2 relaxation. The 1H T2 relaxation of dipropyl phthalate dissolved 
in MeOH:D2O was harder to interpret across the stationary phases. 
 
Table 8.16. 1H T1 and T2 relaxation times for dipropyl phthalate in 50:50 (% v/v) 
MeCN:D2O (from top to bottom according to HPLC elution order):  mobile phase in the 
absence of stationary phase (solution only) and in the presence of BEH-C18, BEH-
phenyl, BEH-RP18, CSH hexyl-phenyl and HSS T3 stationary phases. Data were 








H-1(a) H-2(a) H-3(a) H-4(a) H-5(a) 
Solution only n/a 2.4±0.04 2.1±0.03 1.9±0.04 1.6±0.1 1.6±0.1 
BEH-Phenyl 10.73 3.6±0.1 3.0±0.1 2.4±0.1 2.0±0.1 2.1±0.2 
CSH Hexyl-phenyl 11.59 3.2±0.1 2.7±0.1 2.2±0.1 1.9±0.1 2.0±0.1 
BEH-RP18 11.59 3.1±0.1 2.6±0.1 2.1±0.1 1.9±0.1 1.7±0.1 
BEH-C18 17.30 3.9±0.1 3.2±0.04 2.6±0.1 1.9±0.2 2.0±0.2 
HSS T3 25.59 3.4±0.1 2.8±0.1 2.3±0.1 1.8±0.1 1.8±0.1 
  T2(s)  
  H-1(a) H-2(a) H-3(a) H-4(a) H-5(a) 
Solution only n/a 2.0±0.08 1.9±0.05 1.3±0.04 0.8±0.03 1.3±0.02 
BEH-Phenyl 10.73 1.7±0.1 1.8±0.2 1.0±0.1 0.5±0.01 0.9±0.05 
CSH Hexyl-phenyl 11.59 0.8±0.04 0.7±0.1 0.7±0.05 0.5±0.06 0.6±0.02 
BEH-RP18 11.59 0.5±0.02 0.4±0.01 0.5±0.01 0.4±0.04 0.5±0.02 
BEH-C18 17.30 2.2±0.1 2.1±0.1 1.0±0.05 0.5±0.05 1.1±0.1 
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Table 8.17. 1H T1 and T2 relaxation times for dipropyl phthalate in 50:50 (% v/v) 
MeOH:D2O (from top to bottom according to HPLC elution order):  mobile phase in the 
absence of stationary phase (solution only) and in the presence of BEH-C18, BEH-
phenyl, BEH-RP18, CSH hexyl-phenyl and HSS T3 stationary phases. Data were 








H-1(a) H-2(a) H-3(a) H-4(a) H-5(a) 
Solution only n/a 0.9±0.05 0.8±0.05 0.9±0.03 1.8±0.05 1.8±0.1 
BEH-RP18 34.80 1.2±0.1 1.0±0.1 0.9±0.1 1.8±0.1 1.4±0.1 
BEH-Phenyl 37.76 1.3±0.1 1.0±0.1 0.8±0.1 1.9±0.1 2.0±0.1 
CSH Hexyl-phenyl 40.16 1.4±0.1 1.2±0.1 0.9±0.1 1.4±0.1 1.7±0.1 
BEH-C18 52.04 1.5±0.05 1.1±0.04 1.0±0.04 1.5±0.1 1.4±0.1 
HSS T3 90.00 1.3±0.1 1.0±0.1 0.8±0.1 1.3±0.1 1.2±0.1 
  T2(s)  
  H-1(a) H-2(a) H-3(a) H-4(a) H-5(a) 
Solution only n/a 0.6±0.01 0.6±0.01 0.5±0.02 0.2±0.05 1.2±0.05 
BEH-RP18 34.80 0.2±0.002 0.1±0.003 0.2±0.05 0.3±0.2 0.8±0.1 
BEH-Phenyl 37.76 0.2±0.004 0.1±0.003 0.2±0.04 0.4±0.3 0.7±0.1 
CSH Hexyl-phenyl 40.16 0.1±0.01 0.1±0.005 0.2±0.05 0.3±0.05 1.1±0.1 
BEH-C18 52.04 0.2±0.002 0.1±0.002 0.2±0.02 0.3±0.003 0.9±0.04 
HSS T3 90.00 0.2±0.004 0.1±0.003 0.2±0.008 0.2±0.03 1.1±0.1 
 
8.4.9 Benzoic acid and 3-hydroxybenzoic acid. 
Specific protons of both benzoic acid and 3-hydroxybenzoic acid were in the slow or fast 
exchange regime. This could indicate both weak and strong interactions are taking place 
between these acids and the 5 RP-HPLC stationary phases. This assumption correlates 
with the HPLC results as both analytes are the fastest eluting out of the whole series. 
However, very long HPLC retention times (see Figure 8.4) were observed for both 
analytes in the presence of BEH-RP18 which suggest either hydrogen bonding or ionic 
interactions taking place between 3-hydroxybenzoic acid, benzoic acid and the polar 
embedded group of BEH-RP18 [376]. 
As both benzoic acid and 3-hydroxybenzoic acid were least retained in the presence of 
BEH-phenyl, the hydrophobicity subtraction model selectivity parameters of both and 
BEH-Phenyl (B = 0.030) and BEH-RP18 (B = 0.090) are compared in Table 8.18. The 
HSM selectivity parameters of BEH-RP18 suggest strong stationary phase hydrogen-
bond basicity interactions are taking place between benzoic acid, 3-hydroxybenzoic acid 
and the polar embedded group of BEH-RP18 [138, 353, 383]. Thus, we can assume, both 
benzoic acid and 3-hydroxybenzoic act as hydrogen bond donors while the carbamate 
group of BEH-RP18 stationary phase acts as hydrogen bond acceptor (ester group). 
The 1H T1 of benzoic acid dissolved in MeOH:H2O correlated with the elution order 
across all 5 stationary phases (see Table 8.19). However, there is no clear agreement 
between remaining NMR relaxation data of both benzoic acid and 3-hydroxybenzoic 
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compared to the HPLC retention times. This is not surprising as both acids can be 
considered to be unretained against the stationary phases (except BEH-RP18) due to their 
low logP, logD and retention times.  
Table 8.18. RP-HPLC stationary phase selectivity parameters of BEH-phenyl and HSS 
T3[370] 
Column H1 S*2 A3 B4 C(pH 2.8)5 C(pH 7.0)6 
BEH-phenyl 0.730 -0.070 -0.350 0.030 0.190 0.200 
BEH-RP18 0.830 -0.020 -0.370 0.090 -0.120 -0.050 
1H, column hydrophobicity, 2S*, steric hindrance of bulky analyte molecules,3A stationary 
phase hydrogen-bond acidity,4B stationary phase hydrogen-bond basicity,5C (pH 2.8) 
cation-exchange activity and 6C (pH 7.0) cation-exchange activity 
 
Table 8.19.1H T1 and T2 relaxation times for benzoic acid in 50:50 (% v/v) MeOH:D2O 
(from top to bottom according to HPLC elution order):  mobile phase in the absence of 
stationary phase (solution only) and in the presence of BEH-C18, BEH-phenyl, BEH-
RP18, CSH hexyl-phenyl and HSS T3 stationary phases. Data were obtained at 500 MHz 
spectrometer at 313 K and 5.0 kHz spinning frequency.  
MeOH/D2O 
 
SP HPLC Rt (mins) 
T1(s) 
H-1(f) H-2(f) H-3(f) H-1(b) H-3(b) 
Solution only n/a 4.0±0.1 4.4±0.1 3.7±0.1 n/a 
BEH-Phenyl 3.02 4.6±0.1 5.3±0.1 4.1±0.1 3.0±0.1 2.9±0.1 
CSH Hexyl-phenyl 4.00 4.6±0.1 5.2±0.1 4.1±0.04 3.0±0.1 2.8±0.1 
BEH-C18 4.30 3.7±0.1 5.0±0.1 3.9±0.1 2.7±0.1 2.5±0.1 
HSS T3 6.80 3.8±0.1 5.1±0.2 3.6±0.1 2.6±0.1 2.4±0.1 
BEH-RP18 19.00 3.2±0.04 4.6±0.1 3.4±0.05 n/a 2.0±0.1 
  T2(s) 
  H-1(f) H-2(f) H-3(f) H-1(b) H-3(b) 
Solution only n/a 1.6±0.1 2.2±0.03 1.6±0.1 n/a 
BEH-Phenyl 3.02 0.5±0.02 0.8±0.02 0.6±0.03 0.1±0.01 0.2±0.05 
CSH Hexyl-phenyl 4.00 0.7±0.03 1.0±0.02 0.8±0.03 0.2±0.03 0.6±0.1 
BEH-C18 4.30 0.6±0.01 0.8±0.02 0.7±0.01 0.2±0.01 0.1±0.01 
HSS T3 6.80 0.5±0.03 0.9±0.02 0.6±0.03 0.2±0.02 0.1±0.01 
BEH-RP18 19.00 0.4±0.03 0.9±0.02 0.6±0.03 n/a 0.1±0.02 
 
8.4.10 Meclizine, hydroxyzine, propranolol and amitriptyline 
 
The 1H spectra of Meclizine, hydroxyzine, propranolol and amitriptyline suggests all the 
analytes are in the fast exchange regime. The HPLC chromatograms of all four 
compounds indicate that they are all strongly retained onto the column and thus no 
retention time was acquirable. However, as discussed in Chapter 4, if one single 
resonance is observed, this doesn’t necessarily mean the system is going through fast 
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chemical exchange. This could also indicate the system is going through slow chemical 
exchange where the population of one environment is considerably smaller than the other 
resulting in the second resonance not being observed on the NMR spectra. 
Generally, the 1H T2 of the four analytes in the presence of any stationary phase was either 
close or longer compared to the T2 measured in the absence of any stationary phases. As 
previously discussed in Chapter 7, this suggest interactions between the analyte and 
stationary phases potentially leads to the strong retention of the molecule which in turns 
decreases the amplitude of motion. This is consistent with the HPLC chromatograms 
acquired of all four analytes. This is likely as all four analytes have the highest molecular 
volume, logD and logP (see Table 8.2). Generally, as a rule of thumb, the retention times 
of analytes increases with larger logD or logP values [384-388]. Therefore, we can 
assume hydrophobic interactions dominate the retention mechanism since higher logP 
values indicate more hydrophobic characteristics of analyte [389]. The strength of these 
interactions can be minimised by optimising the HPLC method which we discuss further 
in Chapter 9.  
 
8.4.11 Aniline and 2-aminophenol 
Please refer to Chapter 7 for the data analysis of both aniline and 2-aminophenol. 
 
8.5 Conclusion  
 
1H HR MAS NMR relaxation measurements have offered supplementary information for 
probing molecular interactions of several analytes with different functional groups, 
mobile phases and RP-HPLC stationary phases. It was important to consider several 
parameters (e.g. chemical structure, functional group, stationary phases selectivity 
parameters and exchange processes etc.) to understand the type of interaction dominating 
the retention mechanism of an analyte and RP-HPLC stationary phase.  
Based on the HSM selectivity parameters, HPLC and NMR relaxation measurements 
obtained we can conclude the following: (1) Hydrophobic interactions drive the retention 
mechanism of most analytes in the presence of BEH C18 (H = 1.000) and HSS T3 (H = 
0.940) stationary phase (aliphatic chain phases) as they both have the highest 
hydrophobicity selectivity, (2) p-p stacking interactions take place in the presence of 
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BEH-phenyl (S* = -0.070)  and CSH hexyl-phenyl (S* = -0.059)   (e.g. 2-aminophenol 
dissolved in 50:50 MeOH:D2O) as both phases have the lowest steric hindrance 
selectivity, (3) hydrogen bonding basicity interactions drives the retention mechanism 
between hydrogen donor functional groups (e.g. hydroxy group of benzoic acid) and the 
hydrogen acceptor groups from the polar embedded carbamate group of BEH-RP18 (ester 
group) and (4) analytes with large molecular volume, logD and logP values (e.g. 
meclizine and amitriptyline)  are strongly retained across the 5 stationary phases.  
As discussed in this chapter, the HPLC chromatograms of some analytes (e.g. 
amitriptyline, hydroxyzine and meclizine) and 1H NMR relaxation data suggest they were 
strongly retained onto the column. This work can be taken further by optimising a RP-
HPLC method to enable all the analytes to elute, therefore allowing us to compare both 
NMR relaxation and HPLC elution orders. Another avenue to explore further would be 
comparing RP-HPLC elution orders, RP-HPLC predicted (via Pfizer’s QSRR predicted 
model) elution orders and NMR relaxation data.
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1H HR MAS NMR relaxation techniques are well known for probing the change in 
molecular motion and type of interactions between an analyte, mobile phase and RP-
HPLC stationary phase. However, these NMR techniques have never been used to further 
our understanding of the retention mechanism and predictive power of a quantitative 
structure-retention relationship model (QSRR). In this study, NMR T1 and T2 relaxation, 
experimental and predicted HPLC retention times were compared to determine the type 
of interactions dominating the retention mechanism of a RP-HPLC heterogeneous system 
generated by an algorithm RP-HPLC predictive model tool developed by Pfizer. 
 
9.2 Introduction  
 
As previously mentioned, HPLC method development can be a time-consuming process 
of experimental trial and error. Changing a specific experimental parameter at a time (e.g. 
stationary phase, mobile phase content, organic solvent, pH etc.) can be both labour 
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intensive and repetitive. As a result, this is no longer an effective procedure used in the 
pharmaceutical industry [390].  
In recent years, a so called “computed simulation” strategy [16, 391-398] has been used 
to optimise HPLC method development. Several predictive software have been developed 
including ChromSword [17], ChromGenius [18], OSIRIS [399], ACD/LC simulator[11, 
400, 401] and Drylab[395, 397]. Pfizer uses Drylab predictive software during HPLC 
method development to acquire the optimal separating conditions with minimum labour. 
Drylab has been employed several times to facilitate HPLC method development with 
success [393, 397, 402, 403]. Drylab can simulate the effect of several separation 
conditions on the retention time (e.g. column properties, gradient conditions, pH, 
temperature etc.) with few experimental runs.  
Method development software Drylab is based upon the following relationships: (1) 
dependence of retention on mobile phase proportion (see Equation 9.1), (2) dependence 
of column plate number on experimental conditions, (3) correlation between isocratic and 
gradient elution and (4) predictability of gradient retention as a function of gradient 
conditions [398].  
The prediction of retention times using computer simulation are based on the dependence 
of analyte retention time on the mobile phase composition. There is no perfect theory 
which enables us to predict HPLC retention as a function of mobile proportion. However, 
several studies [161] have established a formula for such correlation [393, 398]:  
 log GD = log Gq − FK (9.1) 
Where GD is the capacity factor of an analyte, K is the percentage of ratio of the strong 
solvent, Gq and F are characteristic constants of the solute and solvent.  
 
The robustness and repeatability of computer simulated retention times has been reported 
to be accurate (±1-3% prediction accuracy) [283, 393, 404-409] but requires attention to 
the experimental setup and equipment used. The experimental conditions used for the 
predictive model tool must be carefully selected to obtain reliable predictions. 
Furthermore, several factors can affect the predictive power of the computer simulations 
such as [16]: (1) equipment problems and errors, (2) column processes [406, 409], (3) 
column degradation [406, 410], (4) co-eluting peaks [406], (5) extrapolated predictions 
and (6) non-linear relationship between log GD and	K.  
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Although several predictive software are commercially available, the research and 
development team at Pfizer over the years has developed a quantitative structure-retention 
relationships (QSRRs) model to facilitate their RP-HPLC method development [21]. 
QSRR models can be used on a wide range applications such as understanding retention 
mechanisms, characterising stationary phases and generating predictive HPLC retention 
times [411, 412]. The primary aim of QSRR models is to determine a trend in the 
descriptors with comparable trends to the retention parameters. However, to obtain 
accurate and repeatable predictive HPLC retention times, the model requires several 
descriptors to increase the robustness and reliability of the model. Typically, QSRR 
models can be developed from a library of molecular descriptors with a solid 
understanding of their physiochemical properties [413-416]. Therefore, the robustness of 
the QSRR models heavily depends on the prior theoretical knowledge of the retention 
mechanisms and molecular descriptors [21, 417]. However, the number of descriptors 
incorporated into a model must be chosen wisely as increasing the number of descriptors 
typically improves the model predictive power, but also decreasing the number of 
uninformative variables also tends to improve the predictive effectiveness of the model 
[418-420].  
Even though several computed simulated and QSRR models have heavily been used to 
facilitate HPLC method development, to date, no spectroscopy atomic level quantitative 
measurements of the molecular interactions within a RP-HPLC heterogeneous system has 
been used to improve our understanding of the predictive power of such prediction 
software.  
The aim of this study was to determine how 1H NMR relaxation measurements could help 
us understand further the predictive power of Pfizer’s algorithm predictive model tool 
across BEH-C18, BEH-phenyl and BEH-RP18 RP-HPLC stationary phases. In particular, 
we wanted to investigate whether NMR relaxation measurements can aid us to identify 
factors that need to be considered to improve predictions in cases where they diverge 
from experimentally observed elution orders. 
As mentioned in Chapter 8, the large bulky analytes (e.g. meclizine, hydroxyzine, 
propranolol and amitriptyline) were strongly retained onto the RP-HPLC stationary under 
unbuffered mobile phase with an isocratic elution. Thus, to ensure all the analytes eluted, 
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all 15 analytes were run under gradient elution with a buffered mobile phase to enable all 
the analytes to elute under RP-HPLC conditions.  
It has previously been reported that gradient elution [143, 421] reduces the retention times 
of the analytes and buffered mobile phases [422-427] improve the peak shape and 
chromatogram resolution but does not affect the elution order of the compounds in a 
mixture. On this basis, due to the limitation that NMR experiments cannot be run under 
gradient elution, the relaxation measurements were obtained under isocratic conditions 
with a non-buffered mobile phase. The NMR relaxation, experimental and predicted RP-
HPLC retention times were all correlated.  
 
9.3 Experimental Methods 
 
The analytes, sample preparation and NMR method can be found in Chapter 8. 
 
9.3.1 HPLC method  
To use the QSRR model, the retention times of all 15 analytes across 3 RP-HPLC 
stationary phases were experimentally obtained to enable the chromatographic 
simulations to be calculated. The RP-HPLC experiments were carried out at Pfizer. Each 
analyte was individually run through BEH-C18, BEH-phenyl and BEH-RP18 RP-HPLC 
stationary phases. BEH-C18, BEH-phenyl and BEH-PR18 were selected as these three 
stationary phases are primarily used in the HPLC method development screening 
conditions in Pfizer due to their retention selectivity properties. Due to the retention 
characteristics of meclizine, hydroxyzine, propranolol and amitriptyline (e.g. sticking to 
the column), a gradient elution and buffered mobile phase was used to elute these analytes 
from the columns. The gradient mobile phase was made of solvent A and B where solvent 
A was made of MeCN:H2O (95:5 % v/v) at a pH of 2.6 and solvent B was 0.1% formic 
acid at a pH of 2.6.  
To obtain the gradient retention time measurements, the following gradient program was 
applied (% v/v): 0-1.7 min,0-0% A and 100-100% B; 1.7-8.7 min,0-100% A and 100-0% 
B; 8.7-10.4 min, 100-100%A and 0-0% B;10.4-10.5 min, 100-0% A and 0%-100% B; 
10.5-13.0 min, 0-0% A and 100-100% B. The chromatography system used was a Waters 
Acquity UPLC with UV (PDA) and MS detectors. A flow rate of 0.4 mL/min at a 
temperature of 303.15 K was used. The concentrations of the analytes were 0.25 mg/mL. 
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The HPLC computer simulations were carried out with QSRR model using a Windows 
computer.  
9.4 Results  
The 1H HRMAS NMR spectra (Figure A.5-A.19 in appendix), 1H-13C HSQC, 1H-13C 
HMBC spectra (Figure A.20-A.26), RP-HPLC experimental retention times (Table A.34 
in appendix), RP-HPLC predicted retention times (Table A.35 in appendix), 1H T1 & T2 
relaxation times, (Tables A.36-A.50 in appendix) of all 15 analytes in solution only and 
the presence of BEH-C18, BEH-phenyl and BEH-RP18 stationary phases can be found 
in appendix of this chapter. The NMR relaxation data presented in this Chapter are 
reproduced from the respective tables in Chapter 8. To determine whether there is an 
agreement between the experimental and predicted retentions, we plotted the 
experimental and predicted retention times of the series of analytes in the presence of 
BEH-C18, BEH-phenyl and BEH-RP18 as illustrated in Figure 9.1. As shown in Figure 
9.1 a good agreement between the two sets of HPLC data were obtained. Keeping in mind 
that only 15 analytes were used to generate the predicted retention times, increasing the 
data set could potentially improve the predicting power of the QSRR model.  
Similarly to the discussion in Chapter 8, the NMR and HPLC data of each analyte are 
considered on individual basis unless strong correlations between parameters were 
observed. To understand the type of interactions taking place within a system, the 
stationary phase selectivity parameters were also taken into consideration when 
interpreting the data.  
 
Figure 9.1. Correlation between experimental and predicted retention times in minutes. 
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9.4.1 Toluene  
The 1H relaxation times, experimental and predicted HPLC retention times of toluene are 
shown in Table 9.1. Toluene is least and most retained in the presence of BEH-RP18 and 
BEH-Phenyl stationary phase respectively. The majority of the analytes also follow the 
same HPLC elution orders of toluene. 
Table 9.1. 1H T1 and T2 relaxation times for toluene in 50:50 % v/v MeCN:D2O (from top 
to bottom according to HPLC experimental elution order): mobile phase in the absence 
of stationary phase (solution only) and in the presence of BEH-RP18, BEH-C18 and 
BEH-Phenyl stationary phases. Data were obtained at 500 MHz spectrometer at 313 K 









H-1(f) H-2(f) H-3(f) H-1(b) H-2(b) H-3(b) 
Solution only n/a 6.4±0.1 6.5±0.1 6.4±0.1 n/a 
BEH-RP18 6.23/5.85 6.8±0.5 6.2±0.5 4.8±0.2 3.3±0.2 3.1±0.2 2.5±0.1 
BEH-C18 7.92/6.04 5.6±0.1 5.1±0.1 4.6±0.1 3.6±0.2 3.4±0.2 3.0±0.1 
BEH-Phenyl 8.26/7.41 3.5±0.3 2.6±0.2 3.8±0.3 2.6±0.1 2.4±0.1 2.8±0.1 
  T2(s) 
  H-1(f) H-2(f) H-3(f) H-1(b) H-2(b) H-3(b) 
Solution only n/a 3.5±0.1 3.5±0.1 3.5±0.1 n/a 
BEH-RP18 6.23/5.85 2.2±0.1 2.0±0.1 1.9±0.1 0.2±0.004 0.2±0.003 0.2±0.005 
BEH-C18 7.92/6.04 1.8±0.1 1.6±0.1 1.6±0.02 0.1±0.001 0.1±0.002 0.2±0.001 
BEH-Phenyl 8.26/7.41 2.0±0.2 1.8±0.1 1.6±0.05 0.1±0.003 0.1±0.002 0.1±0.002 
 
The predicted elution order was the same as the experimentally determined elution order. 
To understand the elution order of toluene, the HSM selectivity parameters of BEH-C18, 
BEH-phenyl and BEH-RP18 stationary phase are given in Table 9.2. As toluene is a 
neutral analyte and cannot undergo ionic exchange, based on the HSM selectivity 
parameters, the retention mechanism of toluene is driven by p-p interactions followed by 
hydrophobic interactions. 
The 1D 1H NMR spectra of toluene in the presence of the stationary phases indicate it is 
undergoing slow chemical exchange. The largest changes in 1H T1 of toluene in the 
presence of stationary phase compared to solution only are observed in the presence of 
BEH-phenyl across all the free peaks. The 1H T1 relaxation of  H-1(f), H-2(f) and H-3(f) 
all follow the elution order observed in HPLC experiments (see Table 9.1).  
The correlation of the 1H T2 to HPLC retention data is less clear. Generally, the largest 
change in 1H T2 of toluene in the presence of stationary phase compared to  “solution 
only” was observed in the presence of BEH-C18 and BEH-phenyl. As listed in Table 9.2, 
BEH-phenyl stationary phase has the lowest steric hindrance resistance selectivity and 
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BEH-C18 has the highest column hydrophobicity. As p-p interactions have been reported 
to take place between aromatic compounds and phenyl phases [428, 429], the results 
could suggest the difference in retention of toluene on BEH-phenyl (S* = -0.070 and H = 
0.730) and BEH-C18 (S* = 0.020 and H = 1.000) is due to p-p interactions rather than 
hydrophobic interactions. 
Table 9.2. RP-HPLC stationary phase selectivity parameters [370] 
Column H1 S*2 A3 B4 C(pH 2.8)5 C(pH 7.0)6 
BEH-C18 1.000 0.020 -0.090 0.000 0.170 0.130 
BEH-phenyl 0.730 -0.070 -0.350 0.030 0.190 0.200 
BEH-RP18 0.830 -0.020 -0.370 0.090 -0.120 -0.050 
1H, column hydrophobicity, 2S*, steric hindrance resistance of bulky analyte molecules,3A 
stationary phase hydrogen-bond acidity,4B stationary phase hydrogen-bond basicity,5C 




The HPLC elution orders of both naphthalene and toluene are identical and thus we can 
assume p-p interactions followed by hydrophobic interactions drives the retention 
mechanism. 1H T1 & T2 relaxation and HPLC elution orders of naphthalene are listed in 
Table 9.3. Both free and bound peaks were observed in the 1H NMR spectra of 
naphthalene in the presence of all three stationary phase which suggest that naphthalene 
is in the slow exchange regime. The largest change in T1 relaxation in the presence of 
stationary phase compared to “solution only” was observed in the presence of BEH-
phenyl. In parallel, the experimental and predicted HPLC data indicate naphthalene is 
most retained in the presence of BEH-phenyl. Additionally, the 1H T1 relaxation of           
H-2(f), H-1(b) and H-2(b) all follow the HPLC elution orders.  
On the other hand, no clear correlation was observed between the 1H T2 NMR relaxation 
and HPLC retentions of naphthalene. Similarly to 1H T1 relaxation, slightly shorter T2 
relaxation of H-2(f) in the presence of BEH-phenyl stationary phase compared to 
“solution only” is observed. Taking into consideration the HSM selectivity parameters 
(see Table 9.2), it is apparent that BEH-phenyl has the least steric hindrance compared to 
BEH-C18 and BEH-RP18. Similarly to toluene, the results could suggest the difference 
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in experimental and predicted HPLC retention times of naphthalene on BEH-phenyl (S* 
= -0.070 and H = 0.730) and BEH-C18 (S* = 0.020 and H = 1.000) is due to p-p 
interactions rather than hydrophobic interactions. 
Table 9.3. 1H T1 and T2 relaxation times for naphthalene in 50:50 % v/v MeCN:D2O (from 
top to bottom according to HPLC experimental elution order): mobile phase in the 
absence of stationary phase (solution only) and in the presence of BEH-RP18, BEH-C18 
and BEH-Phenyl stationary phases. Data were obtained at 500 MHz spectrometer at 313 





SP HPLC Rt (mins) I/II 
T1(s) 
H-1(f) H-2(f) H-1(b) H-2(b) 
Solution only n/a 5.6±0.1 6.0±0.1 n/a 
BEH-RP18 6.80/6.33 7.5±1.2 6.8±0.4 2.8±0.1 3.1±0.1 
BEH-C18 8.47/6.49 7.1±0.2 7.7±0.5 3.5±0.1 3.5±0.1 
BEH-Phenyl 9.07/8.07 7.7±0.4 7.8±0.5 4.5±0.1 4.4±0.1 
  T2(s) 
  H-1(f) H-2(f) H-1(b) H-2(b) 
Solution only n/a 2.8±0.1 2.9±0.03 n/a 
BEH-RP18 6.80/6.33 2.0±0.1 2.2±0.1 0.1±0.002 0.1±0.004 
BEH-C18 8.47/6.49 2.2±3.0E-2 2.3±0.04 0.1±0.002 0.1±0.001 




The HPLC and NMR data of acenaphthene across BEH-C18, BEH-phenyl and BEH-
RP18 is illustrated in Table 9.4. The QSRR predicting model tool was not able to generate 
HPLC retention times. Acenaphthene and amitriptyline are the only two analytes 
containing an ethylene bridge between two aromatic rings. However, the QSRR model 
was able to generate a predictive retention time of Amitriptyline. It must be considered 
that amitriptyline is a large bulky molecule which also contains an aliphatic chain and 
amine group. Thus, acenaphthene is structurally different compared to the remaining 
analytes, which could explain why the QSRR model was not able to generate accurate  
predictions of retention times. Acquiring the experimental retention time of acenaphthene 
derivatives (e.g. acenaphthylene, benz(a)anthracene and fluoranthene) could improve the 
predictive power of the model and thus generate retention times of acenaphthene. On the 
hand, acenaphthene similarly to toluene, was most and least retained in the presence of 
BEH-phenyl and BEH-RP18 respectively. 
The 1D 1H NMR spectra of acenaphthene in the presence of  the stationary phases 
indicates it is undergoing slow chemical exchange. The 1H T1 relaxation of H-1(f), H-3(f) 
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and H-4(f) protons in the presence of the stationary phases followed the HPLC elution 
order. Additionally, the largest changes in 1H T1 relaxation of H-2(f) and H-3(f) protons 
in the presence of stationary phase compared to “solution only” was observed in the 
presence of BEH-Phenyl.  
 
Table 9.4. 1H T1 and T2 relaxation times for acenaphthene in 50:50 % v/v MeCN:D2O 
(from top to bottom according to HPLC experimental elution order): mobile phase in the 
absence of stationary phase (solution only) and in the presence of BEH-RP18, BEH-C18 
and BEH-Phenyl stationary phases. Data were obtained at 500 MHz spectrometer at 313 









H-1(f) H-2(f) H-3(f) H-4(f) H-1(b) H-2(b) H-3(b) H-4(b) 
Solution only n/a 5.9±0.2 6.1±0.4 5.8±0.3 2.7±0.1 n/a 
BEH-RP18 7.33/n.a 7.5±1.1 7.5±1.2 7.1±0/6 3.4±0.2 2.8±0.1 2.9±0.1 2.7±0.1 1.4±0.1 
BEH-C18 9.18/n.a 7.4±0.8 7.7±1.1 5.7±0.4 2.7±0.1 2.9±0.1 2.9±0.1 2.9±0.1 1.3±0.04 
BEH-Phenyl 9.83/n.a 5.0±0.4 4.5±0.2 4.6±0.3 2.6±0.1 3.2±0.1 2.8±0.1 2.1±0.1 1.4±0.1 
  T2(s) 
  H-1(f) H-2(f) H-3(f) H-4(f) H-1(b) H-2(b) H-3(b) H-4(b) 
Solution only n/a 1.8±0.1 2.2±0.1 2.2±0.1 1.8±0.05 n/a 
BEH-RP18 7.33/n.a 1.5±0.1 1.3±0.1 1.2±0.1 1.2±0.1 0.2±0.004 0.1±0.006 0.1±0.007 0.1±0.02 
BEH-C18 9.18/n.a 1.4±0.1 1.2±0.1 1.3±0.1 1.2±0.03 0.1±0.02 0.1±0.03 0.1±0.003 0.1±0.03 
BEH-Phenyl 9.83/n.a 1.8±0.1 1.9±0.1 1.7±0.1 1.2±0.07 0.1±0.004 0.1±0.004 0.1±0.004 0.1±0.003 
 
Similarly to the previously discussed analytes, no clear correlation was observed between 
the 1H T2 relaxation data and HPLC elution orders. However, the largest change in 1H T2 
relaxation of the H-1(f) and H-2(f) protons of acenaphthene in the presence of stationary 
phase compared to “solution only” measurements was observed in the presence of BEH-
C18. As acenaphthene was most retained in the presence of BEH-phenyl and closely 
followed by BEH-C18, the results could suggest the slight difference in retention of 
acenaphthene on BEH-phenyl (S* = -0.070 and H = 0.730) and BEH-C18 (S* = 0.020 




Another analyte which also goes through slow chemical exchange and has the same 
HPLC elution order of toluene is benzophenone. Both the HPLC and NMR data are 
summarised in Table 9.5. As illustrated from Table 9.5, the 1H T1 relaxation time of both 
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H-1(b) and H-2(b) protons of benzophenone follow the HPLC elution orders which could 
suggest both protons contribute towards the elution order observed.  
Even though, the relative values of 1H T2 relaxation times of the free form of 
benzophenone do not correlate with the HPLC elution orders, the largest change in 1H T2 
relaxation of the H-1(f)-H-3(f) protons of benzophenone in the presence of stationary 
phase compared to “solution only” measurements was observed in the presence of BEH-
phenyl which is consistent with the strongest overall interaction with BEH-phenyl 
stationary phase (Rt = 9.12 mins). 
Similarly to the previous analytes, the results indicate the difference in experimental and 
predicted retention times of benzophenone on BEH-phenyl and BEH-C18 phase is due to 
p-p interactions rather than hydrophobic interactions whilst also taking into consideration 
both the steric hindrance and hydrophobicity of both stationary phases. 
Table 9.5. 1H T1 and T2 relaxation times for benzophenone in 50:50 % v/v MeCN:D2O 
(from top to bottom according to HPLC experimental elution order): mobile phase in the 
absence of stationary phase (solution only) and in the presence of BEH-RP18, BEH-C18 
and BEH-Phenyl stationary phases. Data were obtained at 500 MHz spectrometer at 313 









H-1(f) H-2(f) H-3(f) H-1(b) H-2(b) H-3(b) 
Solution only n/a 4.5±0.1 5.1±0.2 4.5±0.1 n/a 
BEH-RP18 6.57/6.16 5.8±0.3 7.1±0.7 6.0±0.3 3.3±0.1 3.3±0.1 3.2±0.05 
BEH-C18 8.06/6.71 5.8±0.2 6.2±0.3 5.1±0.1 3.9±0.1 3.9±0.1 3.7±0.04 
BEH-Phenyl 9.12/8.10 6.1±0.1 6.1±0.4 5.5±0.2 4.3±0.1 4.3±0.1 3.9±0.1 
  T2(s) 
  H-1(f) H-2(f) H-3(f) H-1(b) H-2(b) H-3(b) 
Solution only n/a 2.8±0.04 3.0±0.1 2.8±0.04 n/a 
BEH-RP18 6.57/6.16 1.9±0.02 1.9±0.1 1.8±0.02 0.2±0.01 0.1±0.01 0.1±0.004 
BEH-C18 8.06/6.71 2.1±0.03 2.1±0.1 1.9±0.1 0.8±0.1 0.8±0.1 0.7±0.1 




The 1H 1D spectra of biphenyl in the presence of the stationary phases indicate it is in the 
slow exchange regime. Similarly the previously discussed analytes, biphenyl is also most 
and least retained in the presence of BEH-phenyl and BEH-RP18 stationary phase 
respectively.  
  
1H T1 & T2 relaxation and HPLC elution orders of biphenyl is illustrated in Table 9.6. A 
strong correlation between experimental and predicted HPLC elution order of biphenyl 
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across the 3 stationary phases was obtained. The 1H T1 relaxation of biphenyl (H-1 free 
peak) followed the HPLC elution order and had the largest change in T1 relaxation in the 
presence of stationary phase compared to “solution only”  measurements in the presence 
of BEH-phenyl. 
 
Even though no clear correlation between the 1H T2 relaxation data and HPLC retention 
times was observed, slightly shorter T2 relaxation was induced in the presence of BEH-
Phenyl stationary phase compared to the “solution only” measurements. More precisely, 
this marginal difference in T2 relaxation was observed for the H-1(f), H-2(b) and H-3(b) 
protons of biphenyl. Based upon the previous analyte discussed, overall the results 
indicate the selectivity in retention of biphenyl on BEH-phenyl and BEH-C18 phase is 
due to p-p interactions rather than hydrophobic interactions. This assumption is justified 
by taking into consideration both the steric hindrance and hydrophobicity of both 
stationary phases. As BEH-RP18 has lower column hydrophobicity (H = 0.830) 
compared to BEH-C18 (H = 1.000), which possibly explains why biphenyl is least 
retained in the presence of BEH-RP18. 
 
Table 9.6. 1H T1 and T2 relaxation times for biphenyl in 50:50 % v/v MeCN:D2O (from 
top to bottom according to HPLC experimental elution order): mobile phase in the 
absence of stationary phase (solution only) and in the presence of BEH-RP18, BEH-C18 
and BEH-Phenyl stationary phases. Data were obtained at 500 MHz spectrometer at 313 









H-1(f) H-3(f) H-2(b) H-3(b) 
Solution only n/a 4.2±0.1 4.7±0.1 n/a 
BEH-RP18 7.20/6.67 5.1±0.1 4.1±0.1 2.4±0.1 2.6±0.1 
BEH-C18 8.95/6.89 5.8±0.2 6.0±0.2 3.3±0.1 3.4±0.2 
BEH-Phenyl 9.66/8.49 6.1±0.5 3.5±0.2 2.9±0.1 2.7±0.1 
  T2(s) 
  H-1(f) H-3(f) H-2(b) H-3(b) 
Solution only n/a 2.8±0.03 2.9±0.04 n/a 
BEH-RP18 7.20/6.67 2.1±0.2 1.5±0.2 0.2±0.003 0.2±0.005 
BEH-C18 8.95/6.89 2.6±0.04 2.7±0.1 0.2±0.004 0.1±0.005 
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9.4.6 Butyl 4-Hydroxybenzoate 
 
The elution order for butyl 4-hydrobenzoate is different to most of the analytes discussed 
so far. As listed in Table 9.7, the experimental HPLC data indicate butyl 4-
hydroxybenzoate is most retained in the presence of BEH-C18. The HPLC experimental 
retention time of butyl 4-hydroxybenzoate in the presence of both BEH-Phenyl (Rt = 6.45 
mins) and BEH-RP18 (Rt = 6.40 mins) were very similar to each other but shorter in 
comparison to BEH-C18 (Rt = 8.05 mins). As BEH-C18 has the highest hydrogen 
bonding acidity selectivity (A= -0.090) and both BEH-phenyl and BEH-RP18 (A= -0.350 
and -0.370 respectively) have lower hydrogen bonding acidity selectivity, we can assume 
the retention mechanism of butyl 4-hydroxybenzoate is driven by the hydrogen bonding 
acidity interactions. Hydrogen bonding interactions could potentially be taking place 
either the ester or hydroxy group of butyl 4-hydroxybenzoate and the stationary phases. 
However, no direct agreement between the predicted and experimental HPLC results was 
obtained. This could be due to the different functional groups present within butyl 4-
hydroxybenzoate (e.g. hydroxy group) and could indicate additionally phenol derivatives 
(e.g. phenol and cresol), are required to improve the predictive power of the model.  
 
The 1D 1H NMR spectra of butyl 4-hydroxybenzoate across the 3 stationary phases 
indicated it is undergoing slow chemical exchange as two sets of peaks were observed. 
No clear correlation was observed between the NMR and HPLC data. This is not 
surprising as both the experimental and predicted HPLC data did not correlate. However, 
analysing the 1H T1 relaxation times of both H-2 (b) and H-3(b) protons followed the 
experimental HPLC elution orders. Additionally, the largest change in 1H T1 and T2 
relaxation of butyl 4-hydroxybenzoate in the presence of stationary phase compared to 
“solution only” measurements was observed in the presence of BEH-RP18 stationary 
phase.  
This could suggest the 1H NMR relaxation is mostly perturbed by hydrogen bonding 
basicity interactions. Even though, the relative values of 1H T2 relaxation times of the free 
form of butyl 4-hydroxybenzoate do not correlate with the HPLC elution orders, the 
largest change in 1H T2 relaxation of the H-3(f) proton was observed in the presence of 
BEH-C18 and BEH-phenyl. This could suggest the hydrogen bonding interactions are 
taking place between the  carbonyl group of butyl 4-hydroxybenzoate which is adjacent 
to H-3 protons and the stationary phases. 
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Table 9.7. 1H T1 and T2 relaxation times for butyl 4-hydroxybenzoate in 50:50 % v/v 
MeCN:D2O (from top to bottom according to HPLC experimental elution order): mobile 
phase in the absence of stationary phase (solution only) and in the presence of BEH-RP18, 
BEH-phenyl and BEH-C18 stationary phases. Data were obtained at 500 MHz 
spectrometer at 313 K and 5.0 kHz spinning frequency. Where I: experimental HPLC 
data and II: predicted HPLC data 
MeCN/D2O 
 
SP HPLC Rt (mins) 
T1(s) 
H-1(f) H-2(f) H-3(f) H-4(f) H-5(f) H-6(f) H-1(b) H-2(b) H-3(b) H-4(b) H-5(b) H-6(b) 
Solution only n/a 2.8±0.01 3.0±0.01 1.6±0.01 1.6±0.01 1.9±0.01 2.1±0.01 n/a 
BEH-RP18 6.40/6.34 4.5±0.3 4.2±0.6 6.6±0.1 2.9±0.2 2.2±0.2 1.7±0.1 1.8±0.1 1.7±0.1 4.4±0.2 1.4±0.1 1.3±0.1 1.5±0.1 
BEH-Phenyl 6.45/7.04 4.1±0.3 2.1±0.1 4.9±0.04 1.7±0.1 1.7±0.1 2.2±0.2 2.8±0.05 2.6±0.02 3.3±0.1 1.3±0.1 1.7±0.2 1.9±0.1 
BEH-C18 8.05/6.38 4.1±0.1 4.6±0.2 5.7±0.1 1.7±0.1 1.8±0.1 1.8±0.1 2.9±0.1 2.8±0.1 2.4±0.2 1.4±0.1 1.5±0.1 1.5±0.1 
  T2(s) 
  H-1(f) H-2(f) H-3(f) H-4(f) H-5(f) H-6(f) H-1(b) H-2(b) H-3(b) H-4(b) H-5(b) H-6(b) 
Solution only n/a 1.7±0.1 1.7±0.1 0.9±0.02 1.0±0.02 1.3±0.02 1.4±0.02 n/a 
BEH-RP18 6.40/6.34 0.4±0.04 0.5±0.1 0.8±0.02 0.4±0.04 0.6±0.06 0.8±0.05 0.1±0.01 0.1±0.02 0.6±0.1 0.1±0.03 0.1±0.01 0.2±0.01 
BEH-Phenyl 6.45/7.04 0.4±0.1 0.5±0.05 0.1±0.01 0.5±0.04 0.5±0.04 0.6±0.03 0.3±0.02 0.3±0.02 0.1±0.01 0.1±0.01 0.2±0.01 0.2±0.01 
BEH-C18 8.05/6.38 0.8±0.04 0.9±0.03 0.1±0.01 0.7±0.05 1.1±0.04 1.2±0.03 0.4±0.03 0.3±0.04 0.2±0.1 0.2±0.02 0.3±0.01 0.3±0.02 
 
 
9.4.7 Dipropyl phthalate 
 
The 1H NMR relaxation and HPLC elution orders of dipropyl phthalate is illustrated in 
Table 9.8. Both the experimental and predicted HPLC elution orders had a good 
agreement. Similarly to previous analytes discussed, dipropyl phthalate is most and least 
retained in the presence of BEH-phenyl and BEH-RP18 which enables to assume that p-
p and hydrophobic interactions drive the retention of dipropyl phthalate across the 3 
stationary phases. The 1H NMR spectra of dipropyl phthalate in presence of the stationary 
phases indicates that this analyte is in the fast chemical exchange regime. It is apparent 
that there was no strong correlation between the NMR and HPLC data obtained. However, 
the 1H T1 relaxation of H-4(a) and H-5(a) followed the HPLC elution order. Additionally, 
the largest change in T1 relaxation of H-3(a) in the presence of stationary phase in 
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Table 9.8. 1H T1 and T2 relaxation times for dipropyl phthalate in 50:50 % v/v MeCN:D2O 
(from top to bottom according to HPLC experimental elution order): mobile phase in the 
absence of stationary phase (solution only) and in the presence of BEH-RP18, BEH-C18 
and BEH-Phenyl stationary phases. Data were obtained at 500 MHz spectrometer at 313 




SP HPLC Rt (mins) 
T1(s) 
H-1(a) H-2(a) H-3(a) H-4(a) H-5(a) 
Solution only n/a 2.4±0.04 2.1±0.03 1.9±0.04 1.6±0.1 1.6±0.1 
BEH-RP18 6.91/6.53 3.1±0.1 2.6±0.1 2.1±0.1 1.9±0.1 1.7±0.1 
BEH-C18 8.45/7.04 3.9±0.1 3.2±0.04 2.6±0.1 1.9±0.2 2.0±0.2 
BEH-Phenyl 9.48/8.64 3.6±0.1 3.0±0.1 2.4±0.1 2.0±0.1 2.1±0.2 
  T2(s) 
  H-1(a) H-2(a) H-3(a) H-4(a) H-5(a) 
Solution only n/a 2.0±0.09 1.9±0.05 1.3±0.04 0.8±0.03 1.3±0.02 
BEH-RP18 6.91/6.53 0.5±0.02 0.4±0.01 0.5±0.01 0.4±0.04 0.5±0.02 
BEH-C18 8.45/7.04 2.2±0.1 2.1±0.1 1.0±0.05 0.5±0.05 1.1±0.1 
BEH-Phenyl 9.48/8.64 1.7±0.1 1.8±0.2 1.0±0.1 0.5±0.08 0.9±0.05 
 
On the other hand, the largest change in T2 relaxation of all protons in the presence of 
stationary phase compared to “solution only” was observed in the presence of BEH-RP18. 
This could suggest the 1H NMR relaxation measurements reports mostly on hydrophobic 
interaction, which makes sense if one considers that all the observed protons are located 
in parts of the molecule involved in hydrophobic interactions. 
 
9.4.8 Benzoic acid and 3-hydroxybenzoic acid. 
 
The HPLC experimental retention times of both benzoic acid and 3-hydroxybenzoic acid 
in the presence of both BEH-C18 and BEH-phenyl were short compared to other analytes 
in this study. This is not surprising as both analytes have low molecular volumes, logP 
and logD values (see Table 8.1 in Chapter 8). The experimental HPLC retention time of 
both benzoic acid and 3-hydroxybenzoic acid (Rt = 0.73 and 0.53 mins respectively) in 
the presence BEH-phenyl is so short it could be assumed to be unretained which could 
also explain why the experimental and predicted HPLC elution order did not correlate 
(see Tables 9.9 and 9.10).  
Similarly to butyl 4-hydroxybenzoate, both analytes contain a hydroxy group which could 
be another reason why the QSRR model is not able to generate accurate predictive 
retention times.  The predictive HPLC data of both analytes could suggest additionally 
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benzoic acid derivatives (e.g. 2-hydroxybenzoic and 4-hydroxybenzoic acid) are required 
to improve the accuracy of the model.  
However, a significant increase in the experimental retention time for both analytes was 
observed in the presence of BEH-RP18. As BEH-RP18 (B = 0.090) has the highest 
hydrogen bonding basicity compared to both BEH-phenyl and BEH-C18 stationary 
phases (B = 0.030 and 0.000 respectively), the experimental HPLC data could suggest 
hydrogen bonding basicity interactions (see Figure 8.1) are taking place between 3-
hydroxybenzoic acid, benzoic acid and the polar embedded group of BEH-RP18. Even 
though the experimental and predictive retention time did not correlate, the HPLC 
predictive data also indicate both analytes are most retained in the presence of BEH-
RP18.  
The 1H T1 H-1(f), H-1(b), H-2(b) and H-3(b) protons of benzoic acid followed the 
experimental HPLC elution order. The largest change in 1H T1 relaxation of benzoic acid 
in the presence of stationary phase compared to solution only was observed in the 
presence of BEH-RP18 across H-1-H-3(b) protons. However, no clear correlation was 
observed between the 1H T2 relaxation and the HPLC elution orders.  
On the other hand, the 1H T1 H-1(f) and H-2(f) protons of 3-hydroxybenzoic acid followed 
the experimental HPLC elution order. The largest change in 1H T1 relaxation of 3-
hydrobenzoic acid in the presence of stationary phase compared to “solution only” was 
also observed in the presence of BEH-RP18 across H-1*(f), H-2(b) and H-3(b) protons. 
Even though no clear correlation was as observed between the 1H T2 relaxation of                
3-hydroxybenzoic acid and the HPLC data, the largest change in 1H T2 relaxation of            
3-hydroxybenzoic acid in the presence of stationary phase compared to “solution only” 
was observed in the presence of BEH-RP18 across H-2(b) and H-3(b) protons. This could 
suggest hydrogen bonding interactions are taking place between the  hydroxy group of 3-
hydroxybenzoic acid which is adjacent to H-2 and H-3 protons and the carbamate group 
of BEH-RP18 which is consistent with the strongest overall interaction with BEH-RP18 
stationary phase (Rt = 3.89 mins). This is a good example of how the 1H NMR relaxation 
data supplements the HPLC experimental retention time which could potentially improve 
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Table 9.9. 1H T1 and T2 relaxation times for benzoic acid in 50:50 % v/v MeCN:D2O (from 
top to bottom according to HPLC experimental elution order): mobile phase in the 
absence of stationary phase (solution only) and in the presence of BEH-phenyl, BEH-C18 
and BEH-RP18 stationary phases. Data were obtained at 500 MHz spectrometer at 313 K 




SP HPLC Rt (mins) 
T1(s) 
H-1(f) H-2(f) H-3(f) H-1(b) H-2(b) H-3(b) 
Solution only n/a 4.4±0.1 4.6±0.1 4.1±0.1 n/a 
BEH-Phenyl 0.73/4.97 5.9±0.1 6.8±0.1 5.5±0.1 5.0±0.2 5.8±0.3 4.7±0.1 
BEH-C18 2.32/4.75 5.5±0.1 6.3±0.1 5.1±0.1 4.6±0.1 4.4±0.1 4.2±0.1 
BEH-RP18 4.61/5.29 5.0±0.1 6.7±0.2 5.2±0.1 3.8±0.1 3.1±0.2 3.3±0.1 
  T2(s) 
  H-1(f) H-2(f) H-3(f) H-1(b) H-2(b) H-3(b) 
Solution only n/a 2.0±0.05 2.3±0.05 1.9±0.05 n/a 
BEH-Phenyl 0.73/4.97 0.7±0.01 1.0±0.02 0.8±0.01 0.4±0.01 0.3±0.02 0.3±0.03 
BEH-C18 2.32/4.75 0.9±0.02 1.1±0.01 1.0±0.02 0.5±0.04 0.3±0.05 0.3±0.04 
BEH-RP18 4.61/5.29 1.1±0.03 1.5±0.04 1.2±0.02 0.7±0.07 0.3±0.04 0.3±0.05 
 
 
As a whole, taking into consideration the HSM selectivity parameters, HPLC  and NMR 
data we can assume, both benzoic acid and 3-hydroxybenzoic acts as hydrogen bond 
donors (hydroxy group) while the carbamate group of BEH-RP18 stationary phase acts 
as hydrogen bond acceptor (ester group). 
 
Table 9.10. 1H T1 and T2 relaxation times for 3-hydroxybenzoic acid in 50:50 % v/v 
MeCN:D2O (from top to bottom according to HPLC experimental elution order): mobile 
phase in the absence of stationary phase (solution only) and in the presence of BEH-
phenyl, BEH-C18 and BEH-RP18 stationary phases. Data were obtained at 500 MHz 
spectrometer at 313 K and 5.0 kHz spinning frequency. Where I: experimental HPLC 
data and II: predicted HPLC data 
MECN/D2O 
 
SP HPLC Rt (mins) 
T1(s) 
H-1(f) H-1*(f) H-2(f) H-3(f) H-2(b) H-3(b) 
Solution only n/a 3.8±0.1 6.4±0.05 3.2±0.03 4.7±0.05 n/a 
BEH-Phenyl 0.53/4.50 4.3±0.1 7.1±0.1 3.7±0.03 5.1±0.1 3.5±0.1 4.6±0.1 
BEH-C18 1.07/4.30 4.2±0.1 7.3±0.1 3.6±0.1 5.6±0.2 3.7±0.1 5.5±0.2 
BEH-RP18 3.98/5.09 3.4±0.1 4.6±0.1 3.1±0.04 4.3±0.1 2.4±0.1 3.1±0.1 
  T2(s) 
  H-1(f) H-1*(f) H-2(f) H-3(f) H-2(b) H-3(b) 
Solution only n/a 2.6±0.04 3.4±0.04 2.4±0.03 2.6±0.03 n/a 
BEH-Phenyl 0.53/4.50 1.5±0.05 1.7±0.04 1.5±0.1 1.5±0.06 0.7±0.04 1.3±0.1 
BEH-C18 1.07/4.30 1.7±0.04 1.8±0.04 1.6±0.05 1.7±0.05 0.9±0.07 1.0±0.1 
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9.4.9 Aniline and 2-aminophenol. 
 
Similarly to benzoic acid and 3-hydroxybenzoic acid, aniline and 2-aminophenol also 
have small molecular volumes, logD and logP values which correlates with the short 
HPLC retention time obtained (see Tables 9.11 and 9.12). 
 
The 1H NMR relaxation and HPLC elution orders of aniline is illustrated in Table 9.11. 
Both the experimental and predicted HPLC elution orders had a good correlation. 
Similarly to previous analytes discussed, aniline is most and least retained in the presence 
of BEH-phenyl and BEH-RP18. Overall, the results indicate the selectivity in retention 
of aniline on BEH-phenyl and BEH-C18 phase is due to p-p interactions rather than 
hydrophobic interactions. As BEH-RP18 has lower column hydrophobicity (see Table 
9.2) compared to BEH-C18, which possibly explains why aniline is least retained in the 
presence of BEH-RP18. 
 
The 1D 1H NMR spectra of aniline in the presence of the stationary phases indicate aniline 
is undergoing slow chemical exchange. The 1H T1 NMR of H2(b) proton of aniline 
followed the HPLC elution orders across the stationary phases. Additionally, the largest 
change in 1H T1 NMR relaxation in the presence of stationary phase compared to “solution 
only” measurements was observed for H-2(f) proton of aniline in the presence of BEH-
phenyl. On the other hand, the 1H T2 NMR  relaxation of aniline has proven harder to 
interpret as little difference was observed across the 3 stationary phases. Furthermore, the 
largest change in T2 NMR relaxation in the presence of stationary phase compared to 
“solution only” measurements was observed for H-1(f) and H-2(f) protons of aniline in 
the presence of BEH-RP18 which still remains unclear.  
 
On the other hand, no direct agreement between the predicted and experimental HPLC 
results of 2-aminophenol was obtained. The experimental HPLC retention time of 2-
aminophenol (Rt = 0.70 mins) in the presence BEH-RP18 is so short it could be assumed 
to be unretained which could affect the accuracy of the predictive model (see Table 9.12). 
Additionally, 2-aminophenol also contains a hydroxy group which could be another 
reason why the QSRR model is not able to generate accurate predictive retention times.  
The predictive HPLC data of 2-aminophenol could suggest additionally derivatives (e.g. 
3-aminophneol and 4-aminophenol) are required to improve the accuracy of the model. 
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The HPLC experimental retention time of 2-aminophenol indicates it is most and least 
retained in the presence of BEH-C18 and BEH-RP18 respectively. As BEH-C18 has the 
highest hydrogen bonding acidity selectivity (A = -0.090)  and both BEH-phenyl and 
BEH-RP18 (A = -0.350 and -0.370 respectively) have lower hydrogen bonding acidity 
selectivity (see Table 9.2), we can assume the retention mechanism of 2-aminophenol is 
driven by the hydrogen bonding acidity interactions. Hydrogen bonding interactions 
could potentially be taking place either the amine or hydroxy group of 2-aminophenol 
and the stationary phases. 
 
The 1D 1H NMR spectra of 2-aminophenol suggest it is in the fast exchange regime in the 
presence of the 3 stationary phases. No direct correlation was observed between the NMR 
relaxation measurements and the HPLC elution orders which could be due to the short 
retention times acquired across both BEH-RP18 and BEH-phenyl stationary phase. 
However, the largest change in both T1 and T2 relaxation measurements was observed in 
the presence of BEH-C18 compared to “solution only” measurements which also 
complements the HPLC retention of 2-aminophenol in the presence of BEH-C18. This is 
another great example of how the 1H NMR relaxation measurements could benefit the 
predictive power of the QSRR model.  
 
Table 9.11. 1H T1 and T2 relaxation times for aniline in 50:50 % v/v MeCN:D2O (from 
top to bottom according to HPLC experimental elution order): mobile phase in the 
absence of stationary phase (solution only) and in the presence of BEH-RP18, BEH-C18 
and BEH-phenyl stationary phases. Data were obtained at 500 MHz spectrometer at 313 




SP HPLC Rt (mins) T1(s) H-1(f) H-2(f) H-1(b) H-2(b) 
Solution only n/a 6.4 ± 0.3 7.0 ± 0.4 n/a 
BEH-RP18 0.71/3.54 7.5 ± 0.4 8.1 ± 0.4 4.0 ± 0.2 3.7 ± 0.2 
BEH-C18 4.58/4.92 7.4 ± 0.4 8.0 ± 0.4 3.9 ± 0.2 3.9 ± 0.2 
BEH-Phenyl 5.00/6.08 7.6 ± 0.4 8.7 ± 0.4 4.1 ± 0.2 4.8 ± 0.2 
  T2(s) 
  H-1(f) H-2(f) H-1(b) H-2(b) 
Solution only n/a 2.8±0.4 2.9±0.4 n/a 
BEH-RP18 0.71/3.54 1.3±0.2 1.3±0.2 0.1±0.02 0.1±0.02 
BEH-C18 4.58/4.92 1.6±0.2 1.6±0.2 0.1±0.02 0.1±0.02 
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Table 9.12. 1H T1 and T2 relaxation times for 2-aminophenol in 50:50 % v/v MeCN:D2O 
(from top to bottom according to HPLC experimental elution order): mobile phase in the 
absence of stationary phase (solution only) and in the presence of BEH-RP18, BEH-
phenyl and BEH-C18 stationary phases. Data were obtained at 500 MHz spectrometer at 
313 K and 5.0 kHz spinning frequency. Where I: experimental HPLC data and II: 




SP HPLC Rt (mins) 
T1(s) 
H-1(a) H-2(a) H-3(a) 
Solution only n/a 9.2±0.1 9.4±0.1 9.0±0.2 
BEH-RP18 0.70/3.19 5.0±0.1 5.5±0.2 5.3±0.1 
BEH-Phenyl 1.58/5.39 5.1±0.1 6.2±0.1 6.0±0.2 
BEH-C18 3.84/4.49 3.7±0.1 5.4±0.2 5.6±0.1 
  T2(s) 
  H-1(a) H-2(a) H-3(a) 
Solution only n/a 1.8±0.02 1.8±0.02 1.7±0.02 
BEH-RP18 0.70/3.19 1.6±0.03 1.5±0.04 1.5±0.04 
BEH-Phenyl 1.58/5.39 1.8±0.03 1.6±0.1 1.6±0.1 
BEH-C18 3.84/4.49 1.3±0.02 1.2±0.05 1.3±0.04 
 
 
9.4.10 Meclizine, hydroxyzine, propranolol and amitriptyline 
 
Using buffered mobile phase enabled us to improve the peak shapes and obtain HPLC 
retention times of meclizine, hydroxyzine, propranolol and amitriptyline across the 3 
stationary phase used in this study. The HPLC elution order of all 4 analytes were all the 
same with the longest and shortest retention time observed in the presence of BEH-phenyl 
and BEH-RP18 respectively. As these analytes followed the same elution order as 
toluene, based on the HSM selectivity parameters, the retention mechanism of these 
analytes is driven by p-p interactions followed by hydrophobic interactions. 
The 1H T1 NMR relaxation of the all 4 analytes in the presence of the stationary phases 
compared to solution only were very similar. Additionally, in some cases the 1H T2 of 
particular protons across the 4 analytes in the presence of stationary phases were longer 
compared to the T2 measured in the absence of any stationary phase (as illustrated in Table 
9.13). As we previously established in Chapter 7, this could suggest strong interactions 
between the analyte and stationary phase leads to strong retention of the molecule which 
leads to a decrease of the amplitude of motion. This is plausible as all 4 analytes have the 
longest retention times with large molecular volumes, logP and logD values. However, 
T1 and T2 relaxation is not sufficient to fully comprehend the internal dynamics of theses 
analytes [357].  
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Table 9.13. 1H T1 and T2 relaxation times for meclizine in 50:50 % v/v MeCN:D2O (from 
top to bottom according to HPLC experimental elution order): mobile phase in the 
absence of stationary phase (solution only) and in the presence of BEH-RP18, BEH-C18 
and BEH-phenyl stationary phases. Data were obtained at 500 MHz spectrometer at 313 




SP HPLC Rt (mins) 
T1(s) 
H-1(a) H-2(a) H-3(a) H-4(a) H-5(a) H-6(a) H-7(a) 
Solution only n/a 1.2±0.03 1.8±0.03 0.6±0.03 0.4±0.05 0.4±0.03 0.4±0.02 1.1±0.02 
BEH-RP18 5.60/5.29 1.2±0.02 1.7±0.03 0.5±0.04 0.4±0.04 0.3±0.04 0.3±0.05 0.9±0.1 
BEH-C18 10.24/8.67 1.2±0.1 1.7±0.1 0.5±0.1 0.4±0.1 0.3±0.1 0.3±0.1 0.9±0.1 
BEH-Phenyl 11.52/10.16 1.1±0.04 1.5±0.1 0.5±0.1 0.4±0.1 0.3±0.05 0.3±0.1 0.9±0.1 
  T2(s) 
  H-1(a) H-2(a) H-3(a) H-4(a) H-5(a) H-6(a) H-7(a) 
Solution only n/a 0.6±0.03 1.0±0.02 0.5±0.01 0.3±0.01 0.2±0.002 0.2±0.002 0.8±0.01 
BEH-RP18 5.60/5.29 0.6±0.02 0.7±0.02 0.3±0.01 0.3±0.004 0.2±0.002 0.2±0.004 0.7±0.01 
BEH-C18 10.24/8.67 0.8±0.02 1.0±0.02 0.4±0.01 0.3±0.02 0.2±0.005 0.2±0.004 0.8±0.02 




In this chapter we investigated the predictive power of QSRR model tool of 15 analytes 
across BEH-C18, BEH-phenyl and BEH-RP18 HPLC stationary phases. We have shown 
a that a good agreement between the experiment and predicted HPLC elution order were 
obtained.  
 
However, the QSRR model was not able to generate predictive retention time for 
acenaphthene. Apart from amitriptyline, acenaphthene is the only aromatic analyte with 
a bridge ethylene group between two aromatic rings. As acenaphthene is structurally 
different to the remaining analytes, this outcome could suggest additionally experimental 
HPLC retention time of acenaphthene derivatives (e.g. acenaphthylene and fluoranthene) 
is required to improve the predictive power of the QSRR model. 
 
We have also compared the 1H T1 and T2 relaxation to both the predicted and experimental 
HPLC data. Even though no quick and simple correlation was established between the 
NMR relaxation and HPLC data, some correlation between T1 relaxation and HPLC data 
of specific protons was observed. Furthermore, the largest change in T1 or T2 relaxation 
(proton specific) in the presence of stationary phases compared to solution only 
measurements was observed with the stationary phases which the analytes were most 
retained. 
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Based on the HSM selectivity parameters, HPLC data and NMR data the following 
observations were made: (1) Generally most analytes were most retained in the presence 
of BEH-phenyl followed by BEH-C18 and BEH-RP18 where the difference in retention 
of these analytes on BEH-phenyl (S* = -0.070 and H = 0.730) and BEH-C18 (S* = 0.020 
and H = 1.000) is due to p-p interactions rather than hydrophobic interactions, (2) both 
2-aminophenol and butyl 4-hydroxybenzoate were most and least retained in the presence 
of BEH-C18 (A = -0.090) and BEH-RP18 (A = -0.370) respectively which could indicate 
the difference in retention of both analytes on BEH-C18 and BEH-RP18 is due to 
hydrogen bonding acidity rather than hydrophobic interactions, (3) benzoic acid and           
3-hydroxybenzoic acid both have small molecular volumes, logP and logD values but 
were significantly retained in the presence of BEH-RP18 (B = 0.090)   and least retained 
in the presence of BEH-phenyl (B = 0.030) which suggests this distinguishable difference 
in retention times on BEH-RP18 and BEH-phenyl is due to hydrogen bonding basicity 
interactions potentially taking place between the analyte hydroxy group and carbamate 
embedded group of BEH-RP18, (4) the QSRR model was not able to accurately predict 
the elution order of butyl 4-hydroxybenzoate, benzoic acid, 3-hydroxybenzoic acid and 
2-aminophenol. Some of these analytes have low molecular volumes, logP, logD and in 
some cases very short experimental retention time was obtained (e.g. 0.53 and 0.73 
minutes) which could be assumed to be unretained in the presence of certain stationary 
phases. However, one important factor to take into consideration is the fact that all four  
analytes have a hydroxy group. In some cases, the NMR results have indicated large 
changes in 1H T2 relaxation with protons adjacent to the hydroxy group (e.g.                           
3-hydroxybenzoic acid in the presence of BEH-RP18). This could suggest additional 
experimental HPLC data of phenol derivatives is required to improve the predictive 
power of the QSRR Model and (5) in contrast, meclizine, hydroxyzine, propranolol and 
amitriptyline which are bulky molecules with large molecular volumes, high logP and 
logD had the longest retention time which was expected. However both T1 and T2 
relaxation is not sufficient enough to fully understand the internal dynamics of these 
analytes. 
This study can be taken further by increasing the number of analytes (e.g. more functional 
groups), mobile phases and stationary phases. Due to the limited library of HPLC data 
acquired by Pfizer, the algorithm software was only able to predict data across BEH-C18, 
BEH-phenyl and BEH-RP18 stationary phases. This study can be taken further by 
obtaining retention times of the analytes in the presence of CSH hexyl-phenyl and HSS 
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T3 stationary phase. Moreover, the 1H NMR relaxation measurements could be 
incorporated as quantitative descriptors into the algorithm model to determine whether 
our NMR measurements improves the overall predictive performance of the algorithm 
model. Additionally, NMR relaxation measurements could be used to facilitate our 
understanding of the effect of temperature, organic solvent, buffer and pH on the 
predictive power of the algorithm model. Furthermore, the robustness and repeatability 
of algorithm model could be investigated by obtaining repeated experiment HPLC, 
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10 SUMMARY 
Both suspended and solid state NMR spectroscopy techniques have previously been used 
to characterise the chemical structures of various HPLC stationary phase and to probe the 
molecular motion within a HPLC system. The development of MAS has enabled us to 
investigate RP-HPLC heterogeneous systems by averaging dipolar coupling, anisotropic 
interactions and susceptibility variation in heterogenous samples. Several studies have 
used 1H, 2H, 13C, 14N and 29Si NMR techniques to determine the chemical structures of 
various stationary phases. Additionally, 1H and 13C T1 and T2 relaxation measurements 
are well known for probing the molecular motion within a heterogeneous HPLC system. 
However, a major advantage of 1H HR MAS NMR relaxation compared to 13C relaxation 
is the ability to obtain both qualitative and quantitative information at an atomic level 
reasonably quickly.  
In this thesis, a range of NMR techniques were used to improve our understanding of the 
molecular structures and dynamics of several RP-HPLC heterogeneous system.  
Developing a robust, reliable and reproducible method is essential in analytical chemistry. 
Therefore, in chapter 5 we proposed logical step by step method development to optimise 
both T1 and T2 NMR relaxation measurements. We discovered several factors such as (1) 
rotor sizes, (2) radio frequency (RF) pulse powers, (3) T1 pulse sequences, (4) spinning 
frequency, (5) temperature, (6) analyte concentration, (7) mobile phase ratio, (8) organic 
solvent, (9) buffer, (10) mixtures of analytes, (11) analyte chemical and physical 
properties and (12) DSS concentration influences the 1H HR MAS NMR spectra and 
relaxation measurements within a system. A paired sample t-test showed our developed 
NMR technique to be robust and reliable. Additionally, a linear regression model was 
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used to determine the effect of sample preparation on reliability of the NMR method. Our 
model illustrated sample preparation has an effect on the NMR method but not significant 
enough to affect the method’s reproducibility and repeatability.  
Elucidating the chemical structures of the RP-HPLC stationary phases investigated in this 
study is crucial for probing potential molecular interactions. In Chapter 6, we used AFM 
to probe the topography and morphology of the BEH-C18, BEH-phenyl, BEH-RP18, 
CSH hexyl-phenyl and HSS T3 RP-HPLC stationary phases. Furthermore, both Raman 
and NMR spectroscopy was used to determine the atomic bonds and chemical structures 
of the 5 RP-stationary phases respectively. 1H, 13C and 29Si NMR techniques have proven 
extremely reliable to confirm the chemical arrangement and functional groups embedded 
in each RP-HPLC stationary phase. Furthermore, there was a significant difference 
between the aliphatic and aromatic ligand grouped stationary phases via NMR 
spectroscopy. This study could be taken further by obtaining 1H, 13C and 29Si spectra of 
the stationary phases at varied temperature and in the presence of mobile phase to 
determine the molecular motion and dynamics of the RP-HPLC stationary phases. 
Furthermore, the hydrolytic stability of the packing materials in aqueous conditions could 
also be developed by 29Si CP-MAS experiments.   
The true power of 1H HR MAS NMR is its ability to probe the dynamic processes within 
a system. In Chapter 7 we demonstrated several approaches of interpreting and expressing 
both T1 and T2 for probing the molecular interactions within a system. We have critically 
evaluated the basic premise of our approach that changes in molecular motions of analytes 
due to interactions with stationary phases can be used to indirectly report on the 
interactions. 
We have illustrated how a whole range of chemical exchange regimes, from slow to fast 
exchange, can be observed for analytes interacting with the stationary phase. We have 
also shown that different sites in molecules can exhibit exchange in different regimes at 
the same time. We have demonstrated the measured relaxation rates depend upon the 
chemical regime and strength of interaction. The T1 relaxation was investigated to probe 
the molecular interactions between aniline, 2-aminophenol and various HPLC stationary 
phases. We have discovered, hinderance of rotation due to transient interactions leads to 
shorter T1 times only if the correlation times for overall rotational diffusion of free and 
interacting analytes are in the fast motion limit. However, interpreting T1 times can be 
complex when the correlation time is over a range of values.  
Chapter 10: Summary 
Azzedine A. Dabo - April 2019    221 
We have investigated two approaches of estimating T2 relaxation times. Due to the 
additional contributions from magnetic field inhomogeneities and unresolved long range 
1H-1H scalar couplings, the T2 relaxation times obtained using peak widths based method 
were generally underestimated. The T2 relaxation values acquired via CPMG pulses 
sequence were more representative of what we would expect. To acquire accurate, 
reliable and reproducible 1H T2 relaxation measurements, the data discussed throughout 
this project was obtained using CPMG pulse sequence. 
We demonstrated that the challenging nature of the problem where the changes in time 
scale and amplitude of motion as a result of interaction have complex effects on the 
measured rates and contribute in a different way in different exchange regimes, often 
requires that we consider both T1 and T2 in order to get insights into the complex 
interdependencies for different interactions between analytes and stationary phase. 
In spite of this challenge, we can gain considerable understanding of the retention 
mechanisms for different analytes provided that we are aware of the basic assumptions 
and limitations of the proposed approach. For instance, we can determine which parts of 
the molecules are the most affected on different stationary phases and thus potentially 
link it to specific types of interactions.  
Finally, we demonstrated the equilibrium constants are obtainable for an analyte in the 
slow exchange regime with well resolved peaks. Although this approach is rapid and 
simple for probing the interactions between analytes and stationary phases, it does come 
with several constraints. For example, overlapping peaks complicates the estimations of 
the equilibrium constants and the equilibrium constants are not obtainable if an analyte is 
in the fast exchange regime. 
In the absence of simple “one fits all” approach we shown that analysis combining both 
1H T1 and T2 relaxation times is the most robust and informative from all the considered 
approaches. This best approach was used to study interactions of the analytes with 
stationary phases in the remainder of this thesis.  
In Chapter 8, we have demonstrated 1H NMR relaxation measurements have offered 
supplementary information for probing molecular interactions of several analytes with 
different functional groups, mobile phases and RP-HPLC stationary phases. It is crucial 
to consider several parameters such as chemical structure, functional group, stationary 
phases selectivity parameters and exchange processes to comprehend the type of 
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interaction which drives the retention mechanism of analyte and RP-HPLC stationary 
phase.  
From both the NMR and HPLC results obtained, we discovered, (1) As expected,  
hydrophobic interactions drive the retention mechanism of most analytes  in the presence 
of BEH-C18 (H = 1.000) and HSS T3 (H = 0.940) stationary phases (aliphatic chain 
phases) as they both have the highest hydrophobicity selectivity, (2) as expected, pi-pi 
stacking interactions takes place in the presence of BEH-phenyl (S* = -0.070)  and CSH 
hexyl-phenyl (S* = -0.059)   (i.e. 2-aminophenol dissolved in 50:50 MeOH:D2O) as both 
phases have the lowest steric hindrance selectivity, (3) hydrogen bonding basicity 
interactions again as expected - drive retention between hydrogen donor functional 
groups (e.g. hydroxy group of benzoic acid) and the hydrogen acceptor groups from the 
polar embedded carbamate group of BEH-RP18 (ester group) and (4) analytes with large 
molecular volume, logD and logP values (e.g. meclizine and amitriptyline)  are more 
strongly retained relative to the other analytes studies across the 5 stationary phases.  
Finally, Chapter 9 focused on using 1H HR MAS NMR T1 and T2 relaxation 
measurements to provide new insights on the predictive power and varieties of RP-HPLC 
interactions generated by QSRR predictive model tool. Since not all the analytes eluted 
under isocratic conditions as discussed in Chapter 8, both buffered mobile phase and 
gradient elution was used during the RP-HPLC experiments to ensure all the analytes are 
eluted in a shorter experimental time to enable reduced band broadening and thus 
detection of the eluting peaks. Retention times of individual peaks from experimental runs 
were used as input data for the QSRR model tool. Additionally, the QSRR model tool 
was used to predict the retention of all 15 analytes with one mobile phase and with the 
presence of BEH-C18, BEH-phenyl and BEH-RP18 stationary phases.  
Similarly to Chapter 8, all measurements across all 3 techniques (NMR relaxation, HPLC 
experimental and predictive retention time) were compared. The experimental and 
predictive HPLC data indicated a majority of the analytes were most retained in the 
presence of BEH-Phenyl followed by BEH-C18 and BEH-RP18 where the difference in 
retention of these analytes on BEH-phenyl (S* = -0.070 and H = 0.730) and BEH-C18 
(S* = 0.020 and H = 1.000) is due to p-p interactions rather than hydrophobic interactions. 
Even though no quick and simple correlation was established between the NMR 
relaxation and HPLC data, some correlation between proton specific T1 relaxation of most 
analytes was obtained. Additionally, in some cases the largest change in T2 relaxation 
(proton specific) in the presence of stationary phase compared to solution only 
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measurements was observed in the presence of BEH-phenyl (H-1(f) and H-2(f) protons 
of benzophenone) consistent with the strongest overall interactions with stationary phase.  
Both 2-aminophenol and butyl 4-hydroxybenzaote were most and least retained in the 
presence of BEH-C18 (A = -0.090) and BEH-RP18 (A = -0.370) respectively which could 
indicate the difference in retention of both analytes on BEH-C18 and BEH-RP18 is due 
to hydrogen bonding acidity interactions rather than hydrophobic interactions. Even 
though no clear correlation between the NMR relaxation and HPLC elution orders 
(predicted and experimental) of 2-aminphenol was observed, the largest change in both 
T1 and T2 (H-1(f) and H-2(f) protons) in the presence of stationary phase compared to 
solution only was observed in the presence of BEH-C18 which consistent with the 
strongest overall interactions with BEH-C18 stationary phase.  
Benzoic acid and 3-hydroxybenzoic acid both have small molecular volumes, logP and 
logD values but were significantly retained in the presence of BEH-RP18 (B = 0.090)   
and least retained in the presence of BEH-phenyl (B = 0.030) which suggest this 
distinguishable difference in retention times on BEH-RP18 and BEH-phenyl is due to 
hydrogen bonding basicity interactions potentially taking place between the analyte 
hydroxy group and carbamate embedded group of BEH-RP18. For instance, the largest 
change in 1H T2 relaxation of 3-hydroxybenzoic acid in the presence of stationary phase 
compared to solution only was observed in the presence of BEH-RP18 across H-2(b) and 
H-3(b) protons. This could suggest the hydrogen bonding interactions are taking place 
between the  hydroxy group of 3-hydroxybenzoic acid which is adjacent to H-2 and H-3 
protons and the carbamate group of BEH-RP18 consistent with the strongest overall 
interaction with stationary phase. 
However, the QSRR model was not able to generate predictive retention time of 
acenaphthene. Considering acenaphthene is structurally different to the remaining 
analytes (e.g. contains a bridged ethylene group between the two aromatic rings), this 
could suggest further experimental HPLC retention time of acenaphthene derivatives (e.g. 
acenaphthylene and fluoranthene) is required to improve the predictive power of the 
QSRR model. 
Furthermore, the QSRR model was not able to accurately predict the elution order of butyl 
4-hydroxybenzoate, benzoic acid, 3-hydroxybenzoic acid and 2-aminophenol. Some of 
these analytes have low molecular volumes, logP, logD and in some cases very short 
experimental retention time was obtained (e.g. 0.53 and 0.73 minutes) which could be 
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assumed to be unretained in the presence of certain stationary phases. However, one 
important factor to take into consideration is the fact that all four analytes have a hydroxy 
group. In some cases, the NMR results has indicated large changes in 1H T2 relaxation 
with protons adjacent to the hydroxy group (e.g. 3-hydroxybenzoic acid in the presence 
of BEH-RP18). Similarly to acenaphthene, this could suggest additionally experimental 
HPLC data of phenol derivatives is required to improve the predictive power of the QSRR 
Model. 
Finally, meclizine, hydroxyzine, propranolol and amitriptyline which are bulky molecules 
with large molecular volumes and high logP and logD had the longest retention times 
which was expected. However, as we have established in both Chapter 7 and 8, both T1 
and T2 relaxation is not sufficient to fully understand the internal dynamics of these 
analytes. 
In summary, the 1H HR MAS NMR relaxation measurements have provided an insight 
of the chemical structures and molecular dynamics of RP-HPLC heterogeneous systems. 
As mentioned throughout this thesis, NMR relaxation measurements can be used to 
uncover various interactions between many analytes, mobile phases and RP-HPLC 
stationary phases.  
The NMR techniques used in this study have several potential future applications such as 
temperature-dependent solid-state NMR experiments could probe the mobility of HPLC 
bonded stationary phases functional ligands. Both 1H MAS NMR and 13C CP/MAS NMR 
spectra can be used to determine the bonding densities and surface modification chemistry 
of HPLC stationary phases. Furthermore, the influence of solvents on bonded-phase 
structures can be examined via NMR relaxation measurements.  
Since our developed and optimised method has proven robust, this preliminary study is 
currently applied in a variety of projects. For instance, one project aims to gain a further 
insight into the molecular behaviour of bare silica (un-bonded) and amide functionalised 
stationary phases in HILIC by NMR techniques. Both 1H and 13C MAS solid state NMR 
are used to investigate HILIC amide stationary phase as a function of the mobile phase 
and additives.  
In another project, our developed and optimised 1H HR MAS NMR T1 and T2 relaxation 
techniques will be used to characterise the interactions between six analytes, two buffered 
mobile phases, bare silica and amide functionalised stationary phase in RP-HPLC 
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heterogeneous systems. Furthermore, measurements of solvent relaxation will also be 
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12 APPENDICES: TABLES  
Table A. 1 T1 and T2 relaxation of aniline in solution only and presence of RP-HPLC 





















 Solution Only 
H1 free 7.6 8.4 9.1 9.3 9.7 2.3 2.6 2.5 2.4 2.2 
H2 free 8.7 9.5 10.3 10.6 11.0 2.5 2.7 2.7 2.6 2.4 
 BEH-C18 
H1 free 6.3 6.3 7.1 7.4 7.9 1.6 1.0 1.0 1.0 0.9 
H2 free 6.9 7.0 7.6 8.0 8.2 1.6 1.0 0.97 0.96 0.9 
H1 bound 2.7 3.2 4.0 4.5 5.2 0.1 0.2 0.2 0.2 0.2 
H2 bound 2.7 3.2 4.4 4.8 5.2 0.1 0.2 0.2 0.2 0.2 
 BEH-Phenyl 
H1 free 4.1 4.4 5.6 5.1 6.6 1.4 1.2 0.9 0.7 0.6 
H2 free 4.0 4.1 4.1 4.4 4.7 1.3 1.1 0.9 0.7 0.6 
H1 bound 2.3 2.6 3.3 2.9 3.9 0.1 0.1 0.1 0.1 0.1 
H2 bound 2.6 2.9 3.4 3.3 3.9 0.1 0.1 0.1 0.1 0.1 
 BEH-RP18 
H1 free 4.4 4.7 5.4 5.8 6.2 1.0 0.7 0.7 0.6 0.5 
H2 free 3.7 3.7 3.9 4.0 4.2 1.0 0.8 0.7 0.6 0.5 
H1 bound 2.0 2.5 3.6 4.4 4.8 0.1 0.1 0.1 0.1 0.1 
H2 bound 1.9 2.4 3.0 3.5 3.8 0.1 0.1 0.1 0.1 0.1 
 CSH Hexyl-Phenyl 
H1 free 4.5 5.2 5.6 6.0 6.4 1.2 0.8 0.7 0.7 0.7 
H2 free 4.9 4.8 4.9 5.2 5.4 1.3 0.9 0.8 0.7 0.8 
H1 bound 2.4 2.8 3.0 3.1 3.5 0.1 0.1 0.1 0.1 0.1 
H2 bound 2.6 3.3 3.6 3.8 4.2 0.1 0.1 0.1 0.1 0.1 
 HSS T3 
H1 free 7.1 7.3 7.6 8.1 8.6 2.1 1.9 1.6 1.5 1.4 
H2 free 7.6 7.8 8.1 8.5 8.8 2.1 1.9 1.6 1.5 1.4 
H1 bound 4.1 4.6 4.9 5.4 5.4 0.1 0.1 0.1 0.1 0.1 
H2 bound 4.4 4.6 5.0 5.2 5.9 0.1 0.1 0.1 0.1 0.1 
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Table A. 2 T1 and T2 relaxation of aniline in solution only and presence of RP-HPLC 





 T1 T2 T1 T2 
 Solution Only 
H1 free 6.4 2.8 4.8 2.6 
H2 free 7.0 2.9 5.4 2.6 
 BEH-C18 
H1 free 7.4 1.6 5.7 1.3 
H2 free 8.0 1.6 6.2 1.3 
H1 bound 3.9 0.1 2.4 0.1 
H2 bound 3.9 0.1 2.5 0.1 
 BEH-Phenyl 
H1 free 7.6 1.5 6.0 1.3 
H2 free 8.7 1.6 6.6 1.3 
H1 bound 4.1 0.1 2.6 0.1 
H2 bound 4.8 0.1 3.1 0.1 
 BEH-RP18 
H1 free 7.5 1.3 5.5 1.4 
H2 free 8.1 1.3 5.9 1.3 
H1 bound 4.0 0.1 2.3 0.1 
H2 bound 3.7 0.1 2.4 0.1 
 CSH Hexyl-Phenyl 
H1 free 6.7 1.5 5.8 2.3 
H2 free 7.5 1.6 6.5 2.4 
H1 bound 3.7 0.1 2.4 0.1 
H2 bound 4.3 0.1 2.9 0.1 
 HSS T3 
H1 free 8.4 1.2 6.4 1.7 
H2 free 7.9 1.2 7.0 1.6 
H1 bound 6.1 0.2 3.4 0.1 
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Table A. 3 Retention times (minutes) of all 15 analytes dissolved in 50:50 MeCN:D2O 
across BEH-C18, BEH-phenyl, BEH-RP18, CSH hexyl-phenyl and HSS T3 stationary 
phases. 










i. toluene 10.66 7.08 9.61 7.55 13.69 
ii. naphthalene 14.10 9.02 13.36 9.79 18.68 
iii. acenaphthylene 24.37 13.05 21.37 14.46 32.95 
iv. benzophenone 10.71 8.12 10.55 8.74 15.09 
v. biphenyl 21.51 12.51 19.26 13.76 29.76 
vi. propranolol Strongly retained onto column 
vii.2-aminophenol 2.84 3.03 2.97 3.19 3.18 
viii. aniline 3.58 3.67 3.73 3.80 4.22 
ix.3-hydroxybenzoic acid 2.07 2.06 14.38 2.44 2.67 
x. dipropyl phthalate 17.30 10.73 14.59 11.59 25.59 
xi. butyl 4-hydroxybenzoate 7.36 5.75 8.90 6.64 9.72 
xii. benzoic acid 2.67 2.34 10.82 3.13 3.58 
xiii. amitriptyline hydrochloride Strongly retained onto column 
xiv. hydroxyzine Strongly retained onto column 
xv. meclizine Strongly retained onto column 
 
 
Table A. 4 Retention times (minutes) of all 15 analytes dissolved in 50:50 (% v/v) 
MeOH:D2O across BEH-C18, BEH-phenyl, BEH-RP18, CSH hexyl-phenyl and HSS T3 
stationary phases. 










i. toluene 21.57 12.24 17.55 13.32 27.73 
ii. naphthalene 37.60 20.79 34.17 23.06 49.11 
iii. benzophenone 24.70 21.46 22.54 23.01 37.33 
iv. biphenyl 79.98 40.45 66.41 46.31 88.10 
v. propranolol Strongly retained onto column 
vi.2-aminophenol 3.13 3.59 3.34 3.81 3.56 
vii. aniline 3.86 4.22 4.06 4.39 4.56 
viii.3-hydroxybenzoic acid 2.29 2.55 10.30 3.14 2.70 
ix. dipropyl phthalate 52.04 37.76 34.80 40.16 90.00 
x. butyl 4-hydroxybenzoate 26.79 10.12 29.18 21.63 38.00 
xi. benzoic acid 4.30 3.02 19.00 4.00 6.80 
xii. amitriptyline hydrochloride Strongly retained onto column 
xiii. hydroxyzine Strongly retained onto column 
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Table A. 5 1H T1 and T2 relaxation times for toluene in 50:50 % v/v MeCN:D2O (from 
top to bottom according to HPLC elution order):  mobile phase in the absence of 
stationary phase (solution only) and in the presence of BEH-C18, BEH-phenyl, BEH-
RP18, CSH hexyl-phenyl and HSS T3 stationary phases. Data were obtained at 500 MHz 








H-1(f) H-2(f) H-3(f) H-1(b) H-2(b) H-3(b) 
Solution only n/a 6.4±0.1 6.5±0.1 6.4±0.1 n/a 
BEH-Phenyl 7.08 3.5±0.3 2.6±0.2 3.8±0.3 2.6±0.1 2.4±0.1 2.8±0.1 
CSH Hexyl-phenyl 7.55 5.7±0.5 4.3±0.1 3.9±0.2 3.1±0.1 2.8±0.1 3.1±0.1 
BEH-RP18 9.61 6.8±0.5 6.2±0.5 4.8±0.2 3.3±0.2 3.1±0.2 2.5±0.1 
BEH-C18 10.66 5.6±0.1 5.1±0.1 4.6±0.1 3.6±0.2 3.4±0.2 3.0±0.1 
HSS T3 13.69 8.5±0.9 6.8±0.5 5.4±0.2 3.5±0.1 3.5±0.1 2.9±0.1 
  T2(s) 
  H-1(f) H-2(f) H-3(f) H-1(b) H-2(b) H-3(b) 
Solution only n/a 3.5±0.1 3.5±0.1 3.5±0.1 n/a 
BEH-Phenyl 7.08 2.0±0.2 1.8±0.1 1.6±0.05 0.1±0.003 0.1±0.002 0.1±0.002 
CSH Hexyl-phenyl 7.55 1.3±0.1 1.0±0.04 1.1±0.1 0.1±0.003 0.1±0.002 0.1±0.002 
BEH-RP18 9.61 2.2±0.1 2.0±0.1 1.9±0.1 0.2±0.004 0.2±0.003 0.2±0.005 
BEH-C18 10.66 1.8±0.1 1.6±0.1 1.6±0.02 0.1±0.001 0.1±0.002 0.2±0.001 
HSS T3 13.69 2.4±0.1 2.7±0.2 2.5±0.1 0.3±0.002 0.3±0.005 0.5±0.003 
 
 
Table A. 6 1H T1 and T2 relaxation times for toluene in 50:50 % v/v MeOH:D2O (from 
top to bottom according to HPLC elution order):  mobile phase in the absence of 
stationary phase (solution only) and in the presence of BEH-C18, BEH-phenyl, BEH-
RP18, CSH hexyl-phenyl and HSS T3 stationary phases. Data were obtained at 500 MHz 








H-1(f) H-2(f) H-3(f) H-1(b) H-2(b) H-3(b) 
Solution only n/a 6.6±0.3 7.2±0.4 6.6±0.3 n/a 
BEH-Phenyl 12.24 2.9±0.2 2.2±0.1 3.8±02 1.6±0.1 1.6±0.03 2.0±0.1 
CSH Hexyl-phenyl 13.32 3.2±0.3 2.5±0.1 3.6±0.4 1.7±0.1 1.9±0.1 2.1±0.1 
BEH-RP18 17.55 5.6±0.7 3.9±0.2 4.3±0.3 1.7±0.1 1.7±0.03 1.6±0.1 
BEH-C18 21.57 4.8±0.6 4.7±0.5 3.3±0.1 1.5±0.1 1.5±0.1 1.5±0.1 
HSS T3 27.73 6.2±0.6 5.2±0.4 3.6±0.1 3.0±0.2 3.0±0.2 1.9±0.2 
  T2(s) 
  H-1(f) H-2(f) H-3(f) H-1(b) H-2(b) H-3(b) 
Solution only n/a 3.1±0.2 3.2±0.2 3.1±0.2 n/a 
BEH-Phenyl 12.24 2.5±0.2 2.1±0.1 2.0±0.1 0.05±0.002 0.05±0.003 0.1±0.002 
CSH Hexyl-phenyl 13.32 2.5±0.2 2.0±0.2 1.9±0.09 0.1±0.003 0.1±0.004 0.1±0.003 
BEH-RP18 17.55 1.9±0.1 1.8±0.04 1.7±0.03 0.1±0.002 0.1±0.002 0.1±0.002 
BEH-C18 21.57 2.0±0.2 1.9±0.1 1.8±0.1 0.04±0.003 0.04±0.001 0.05±0.002 
HSS T3 27.73 2.7±0.2 2.3±0.1 2.3±0.1 0.2±0.01 0.2±0.02 0.3±0.02 
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Table A. 7 1H T1 and T2 relaxation times for naphthalene in 50:50 % v/v MeCN:D2O 
(from top to bottom according to HPLC elution order):  mobile phase in the absence of 
stationary phase (solution only) and in the presence of BEH-C18, BEH-phenyl, BEH-
RP18, CSH hexyl-phenyl and HSS T3 stationary phases. Data were obtained at 500 MHz 




SP HPLC Rt (mins) 
T1(s) 
H-1(f) H-2(f) H-1(b) H-2(b) 
Solution only n/a 5.6±0.1 6.0±0.1 n/a 
BEH-Phenyl 9.02 7.7±0.4 7.8±0.5 4.5±0.1 4.4±0.1 
CSH Hexyl-phenyl 9.79 8.3±0.6 7.7±0.5 4.1±0.2 3.8±0.2 
BEH-RP18 13.36 7.5±1.2 6.8±0.4 2.8±0.1 3.1±0.1 
BEH-C18 14.10 7.1±0.2 7.7±0.5 3.5±0.1 3.5±0.1 
HSS T3 18.68 7.1±0.3 9.9±0.4 3.7±0.1 3.8±0.1 
  T2(s) 
  H-1(f) H-2(f) H-1(b) H-2(b) 
Solution only n/a 2.8±0.1 2.9±0.03 n/a 
BEH-Phenyl 9.02 2.0±0.1 2.0±0.1 0.1±0.002 0.1±0002 
CSH Hexyl-phenyl 9.79 2.5±0.1 2.5±0.1 0.1±0.003 0.1±0.007 
BEH-RP18 13.36 2.0±0.1 2.2±0.1 0.1±0.002 0.1±0.004 
BEH-C18 14.10 2.2±0.03 2.3±0.04 0.1±0.002 0.1±0.001 
HSS T3 18.68 1.2±0.1 1.2±0.1 0.2±0.003 0.2±0.001 
 
 
Table A. 8 1H T1 and T2 relaxation times for naphthalene in 50:50 % v/v MeOH:D2O 
(from top to bottom according to HPLC elution order):  mobile phase in the absence of 
stationary phase (solution only) and in the presence of BEH-C18, BEH-phenyl, BEH-
RP18, CSH hexyl-phenyl and HSS T3 stationary phases. Data were obtained at 500 MHz 
spectrometer at 313 K and 5.0 kHz spinning frequency. 
MeOH/H2O 
 
SP HPLC Rt (mins) 
T1(s) 
H-1(f) H-2(f) H-1(b) H-2(b) 
Solution only n/a 6.4±0.1 6.7±0.2 n/a 
BEH-Phenyl 20.79 5.1±0.9 4.7±0.5 1.9±0.2 1.7±0.1 
CSH Hexyl-phenyl 23.06 5.9±0.7 4.1±0.8 2.1±0.2 1.5±0.1 
BEH-RP18 34.17 5.2±0.5 6.0±1.0 1.8±0.3 1.4±0.2 
BEH-C18 37.60 5.0±0.3 5.2±0.4 1.4±0.1 1.2±0.1 
HSS T3 49.11 8.6±1.8 7.6±1.5 1.9±0.1 2.3±0.1 
  T2(s) 
  H-1(f) H-2(f) H-1(b) H-2(b) 
Solution only n/a 2.4±0.05 2.5±0.1 n/a 
BEH-Phenyl 20.79 1.2±0.05 1.4±0.1 0.1±0.007 0.1±0.004 
CSH Hexyl-phenyl 23.06 1.8±0.3 1.7±0.2 0.1±0.005 0.1±0.005 
BEH-RP18 34.17 1.9±0.1 1.8±0.1 0.05±0.003 0.05±0.003 
BEH-C18 37.60 1.7±0.1 1.6±0.1 0.04±0.004 0.04±0.002 
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Table A. 9 1H T1 and T2 relaxation times for acenaphthene in 50:50 % v/v MeCN:D2O 
(from top to bottom according to HPLC elution order):  mobile phase in the absence of 
stationary phase (solution only) and in the presence of BEH-C18, BEH-phenyl, BEH-
RP18, CSH hexyl-phenyl and HSS T3 stationary phases. Data were obtained at 500 MHz 
spectrometer at 313 K and 5.0 kHz spinning frequency. 
MeCN/D2O 
 
SP HPLC Rt (mins) 
 T1(s)  
H-1(f) H-2(f) H-3(f) H-4(f) H-1(b) H-2(b) H-3(b) H-4(b) 
Solution only n/a 5.9±0.2 6.1±0.4 5.8±0.3 2.7±0.1 n/a  
BEH-Phenyl 13.05 5.0±0.4 4.5±0.2 4.6±0.3 2.6±0.1 3.2±0.1 2.8±0.1 2.1±0.1 1.4±0.1 
CSH Hexyl-phenyl 14.46 9.7±1.2 12.2±2.6 6.4±0.3 3.4±0.1 3.7±0.1 3.4±0.1 2.4±0.1 1.7±0.1 
BEH-RP18 21.37 7.5±1.1 7.5±1.2 7.1±0/6 3.4±0.2 2.8±0.1 2.9±0.1 2.7±0.1 1.4±0.1 
BEH-C18 24.37 7.4±0.8 7.7±1.1 5.7±0.4 2.7±0.1 2.9±0.1 2.9±0.1 2.9±0.1 1.3±0.04 
HSS T3 32.95 10.2±1.9 8.5±1.6 3.8±0.1 3.9±0.2 3.8±0.1 3.2±0.1 3.3±0.1 1.2±0.1 
   T2(s)  
  H-1(f) H-2(f) H-3(f) H-4(f) H-1(b) H-2(b) H-3(b) H-4(b) 
Solution only n/a 1.8±0.1 2.2±0.1 2.2±0.1 1.8±0.05 n/a  
BEH-Phenyl 13.05 1.8±0.1 1.9±0.1 1.7±0.1 1.2±0.07 0.1±0.004 0.1±0.004 0.1±0.004 0.1±0.003 
CSH Hexyl-phenyl 14.46 1.6±0.1 1.6±0.1 0.2±0.005 1.2±0.07 0.1±0.005 0.1±0.002 0.1±0.003 0.1±0.002 
BEH-RP18 21.37 1.5±0.1 1.3±0.1 1.2±0.1 1.2±0.1 0.2±0.004 0.1±0.006 0.1±0.07 0.1±0.002 
BEH-C18 24.37 1.4±0.1 1.2±0.1 1.3±0.1 1.2±0.03 0.1±0.02 0.1±0.03 0.1±0.003 0.1±0.003 
HSS T3 32.95 1.7±0.1 1.7±0.1 0.3±0.004 1.4±0.07 0.3±0.04 0.2±0.003 0.2±0.004 0.1±0.002 
 
 
Table A. 10 1H T1 and T2 relaxation times for benzophenone in 50:50 % v/v MeCN:D2O 
(from top to bottom according to HPLC elution order):  mobile phase in the absence of 
stationary phase (solution only) and in the presence of BEH-C18, BEH-phenyl, BEH-
RP18, CSH hexyl-phenyl and HSS T3 stationary phases. Data were obtained at 500 MHz 








H-1(f) H-2(f) H-3(f) H-1(b) H-2(b) H-3(b) 
Solution only n/a 4.5±0.1 5.1±0.2 4.5±0.1 n/a 
BEH-Phenyl 8.12 6.1±0.1 6.1±0.4 5.5±0.2 4.3±0.1 4.3±0.1 3.9±0.1 
CSH Hexyl-phenyl 8.74 7.8±0.6 14.7±1.1 7.7±0.6 4.7±0.1 4.6±0.1 4.2±0.1 
BEH-RP18 10.55 5.8±0.3 7.1±0.7 6.0±0.3 3.3±0.1 3.3±0.1 3.2±0.05 
BEH-C18 10.71 5.8±0.2 6.2±0.3 5.1±0.1 3.9±0.1 3.9±0.1 3.7±0.04 
HSS T3 15.09 6.0±0.3 6.3±0.3 5.2±0.2 3.7±0.1 3.7±0.1 3.5±0.1 
  T2(s) 
  H-1(f) H-2(f) H-3(f) H-1(b) H-2(b) H-3(b) 
Solution only n/a 2.8±0.04 3.0±0.1 2.8±0.04 n/a 
BEH-Phenyl 8.12 1.5±0.1 1.5±0.1 1.4±0.05 0.2±0.004 0.1±0.005 0.1±0.003 
CSH Hexyl-phenyl 8.74 1.1±0.1 0.4±0.1 0.5±0.1 0.1±0.002 0.1±0.001 0.1±0.002 
BEH-RP18 10.55 1.9±0.02 1.9±0.1 1.8±0.02 0.2±0.007 0.1±0.005 0.1±0.004 
BEH-C18 10.71 2.1±0.03 2.1±0.1 1.9±0.1 0.8±0.1 0.8±0.1 0.7±0.1 
HSS T3 15.09 2.2±0.02 2.2±0.04 2.1±0.04 0.4±0.04 0.3±0.04 0.3±0.03 
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Table A. 11 1H T1 and T2 relaxation times for benzophenone in 50:50 % v/v MeOH:D2O 
(from top to bottom according to HPLC elution order):  mobile phase in the absence of 
stationary phase (solution only) and in the presence of BEH-C18, BEH-phenyl, BEH-
RP18, CSH hexyl-phenyl and HSS T3 stationary phases. Data were obtained at 500 MHz 
spectrometer at 313 K and 5.0 kHz spinning frequency. 
MeOH/D2O 
 
SP HPLC Rt (mins) 
T1(s) 
H-1(f) H-2(f) H-3(f) H-1(b) H-2(b) H-3(b) 
Solution only n/a 3.8±0.5 3.4±0.6 3.5±0.2 n/a 
BEH-Phenyl 21.46 1.5±0.1 1.2±0.1 1.3±0.1 1.5±0.1 1.2±0.1 1.3±0.1 
BEH-RP18 22.54 2.3±0.1 1.3±0.1 2.2±0.3 1.3±0.1 1.1±0.1 1.2±0.03 
CSH Hexyl-phenyl 23.01 1.5±0.1 1.4±0.1 1.4±0.1 1.5±0.1 1.4±0.1 1.4±0.1 
BEH-C18 24.70 3.5±0.2 4.4±1.0 2.4±0.1 1.3±0.1 1.2±0.1 1.2±0.1 
HSS T3 37.33 1.3±0.1 0.7±0.2 1.1±0.1 1.3±0.1 0.7±0.2 1.1±0.1 
  T2(s) 
  H-1(f) H-2(f) H-3(f) H-1(b) H-2(b) H-3(b) 
Solution only n/a 2.5±0.1 2.2±0.2 2.4±0.1 n/a 
BEH-Phenyl 21.46 0.1±0.004 0.1±0.004 0.08±0.004 0.1±0.04 0.1±0.004 0.08±0.004 
BEH-RP18 22.54 1.9±0.2 0.03±0.03 2.1±0.2 0.03±0.03 0.02±0.001 0.02±0.001 
CSH Hexyl-phenyl 23.01 0.09±0.003 0.05±0.004 0.05±0.04 0.09±0.003 0.05±0.004 0.05±0.004 
BEH-C18 24.70 1.5±0.1 1.5±0.1 1.7±0.1 0.03±0.002 0.02±0.001 0.02±0.001 
HSS T3 37.33 0.04±0.002 0.03±0.009 0.02±0.002 0.04±0.002 0.03±0.009 0.02±0.002 
 
 
Table A. 12 1H T1 and T2 relaxation times for biphenyl in 50:50 % v/v MeCN:D2O (from 
top to bottom according to HPLC elution order):  mobile phase in the absence of 
stationary phase (solution only) and in the presence of BEH-C18, BEH-phenyl, BEH-
RP18, CSH hexyl-phenyl and HSS T3 stationary phases. Data were obtained at 500 MHz 
spectrometer at 313 K and 5.0 kHz spinning frequency. 
MeCN/D2O 
 
SP HPLC Rt (mins) 
T1(s) 
H-1(f) H-3(f) H-2(b) H-3(b) 
Solution only n/a 4.2±0.1 4.7±0.1 n/a 
BEH-Phenyl 12.51 6.1±0.5 3.5±0.2 2.9±0.1 2.7±0.1 
CSH Hexyl-phenyl 13.76 4.5±0.2 3.3±0.4 2.9±0.1 2.8±0.1 
BEH-RP18 19.26 5.1±0.1 4.1±0.1 2.4±0.1 2.6±0.1 
BEH-C18 21.51 5.8±0.2 6.0±0.2 3.3±0.1 3.4±0.2 
HSS T3 29.76 5.1±0.3 8.0±0.4 2.7±0.2 2.8±0.2 
  T2(s) 
  H-1(f) H-3(f) H-2(b) H-3(b) 
Solution only n/a 2.8±0.03 2.9±0.04 n/a 
BEH-Phenyl 12.51 2.1±0.1 2.0±0.2 0.1±0.002 0.1±0.006 
CSH Hexyl-phenyl 13.76 2.1±0.1 2.2±0.4 0.1±0.002 0.1±0.002 
BEH-RP18 19.26 2.1±0.2 1.5±0.2 0.2±0.003 0.2±0.005 
BEH-C18 21.51 2.6±0.04 2.7±0.1 0.2±0.004 0.1±0.005 
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Table A. 13 1H T1 and T2 relaxation times for biphenyl in 50:50 % v/v MeOH:D2O (from 
top to bottom according to HPLC elution order):  mobile phase in the absence of 
stationary phase (solution only) and in the presence of BEH-C18, BEH-phenyl, BEH-
RP18, CSH hexyl-phenyl and HSS T3 stationary phases. Data were obtained at 500 MHz 
spectrometer at 313 K and 5.0 kHz spinning frequency. 
MeOH/D2O 
 
SP HPLC Rt (mins) 
T1(s) 
H-1(f) H-3(f) H-2(b) H-3(b) 
Solution only n/a 2.4±0.3 4.2±0.2 n/a 
BEH-Phenyl 40.45 1.3±0.05 1.3±0.04 1.2±0.02 1.2±0.01 
CSH Hexyl-phenyl 46.31 1.2±0.2 1.2±0.1 1.3±0.1 1.2±0.1 
BEH-RP18 66.41 1.4±0.03 1.2±0.1 1.3±0.1 1.2±0.1 
BEH-C18 79.98 3.5±0.4 1.6±0.05 1.5±0.03 1.6±0.1 
HSS T3 88.10 1.4±0.1 1.4±0.1 1.9±0.2 1.4±0.1 
  T2(s) 
  H-1(f) H-3(f) H-2(b) H-3(b) 
Solution only n/a 2.2±0.2 2.1±0.1 n/a 
BEH-Phenyl 40.45 0.6±0.1 0.1±0.02 0.1±0.001 0.1±0.003 
CSH Hexyl-phenyl 46.31 0.1±0.005 0.1±0.009 0.1±0.004 0.1±0.01 
BEH-RP18 66.41 0.1±0.004 0.1±0.004 0.1±0.002 0.1±0.004 
BEH-C18 79.98 1.4±0.1 0.1±0.003 0.1±0.001 0.1±0.002 
HSS T3 88.10 0.1±0.003 0.1±0.002 0.2±0.01 0.1±0.002 
 
 
Table A. 14 1H T1 and T2 relaxation times for butyl 4-hydroxybenzoate in 50:50 % v/v 
MeCN:D2O (from top to bottom according to HPLC elution order):  mobile phase in the 
absence of stationary phase (solution only) and in the presence of BEH-C18, BEH-
phenyl, BEH-RP18, CSH hexyl-phenyl and HSS T3 stationary phases. Data were 








H-1(f) H-2(f) H-3(f) H-4(f) H-5(f) H-6(f) H-1(b) H-2(b) H-3(b) H-4(b) H-5(b) H-6(b) 
Solution only n/a 2.8±0.0002 3.0±0.0002 1.6±0.0001 1.6±0.0001 1.9±0.0001 2.1±0.0001 n/a 
BEH-Phenyl 5.75 4.1±0.3 2.1±0.1 4.9±0.04 1.7±0.1 1.7±0.1 2.2±0.2 2.8±0.05 2.6±0.02 3.3±0.1 1.3±0.1 1.7±0.2 1.9±0.1 
CSH Hexyl-phenyl 6.64 4.2±0.5 1.7±0.1 3.5±0.05 2.0±0.2 1.7±0.2 2.0±0.1 2.2±0.1 1.9±0.1 2.6±0.1 1.3±0.2 1.5±0.2 1.7±0.1 
BEH-C18 7.36 4.1±0.1 4.6±0.2 5.7±0.1 1.7±0.1 1.8±0.1 1.8±0.1 2.9±0.1 2.8±0.1 2.4±0.2 1.4±0.1 1.5±0.1 1.5±0.1 
BEH-RP18 8.90 4.5±0.3 4.2±0.6 6.6±0.1 2.9±0.2 2.2±0.2 1.7±0.1 1.8±0.1 1.7±0.1 4.4±0.2 1.4±0.1 1.3±0.1 1.5±0.1 
HSS T3 9.72 3.5±0.1 4.0±0.1 2.2±0.1 1.6±0.2 1.8±0.1 1.8±0.1 3.0±0.1 3.2±0.1 1.7±0.1 1.4±0.1 1.6±0.1 1.8±0.1 
  T2(s) 
  H-1(f) H-2(f) H-3(f) H-4(f) H-5(f) H-6(f) H-1(b) H-2(b) H-3(b) H-4(b) H-5(b) H-6(b) 
Solution only n/a 1.7±0.1 1.7±0.1 0.9±0.02 1.0±0.02 1.3±0.02 1.4±0.02 n/a 
BEH-Phenyl 5.75 0.4±0.1 0.5±0.05 0.1±0.004 0.5±0.04 0.5±0.04 0.6±0.03 0.3±0.02 0.3±0.02 0.1±0.01 0.1±0.01 0.±0.01 0.2±0.003 
CSH Hexyl-phenyl 6.64 0.1±0.01 0.5±0.04 0.1±0.02 0.1±0.03 0.2±0.03 0.7±0.05 0.1±0.01 0.1±0.01 0.05±0.01 0.04±0.003 0.1±0.01 0.1±0.003 
BEH-C18 7.36 0.8±0.04 0.9±0.03 0.1±0.004 0.7±0.05 1.1±0.04 1.2±0.03 0.4±0.03 0.3±0.04 0.2±0.1 0.2±0.02 0.3±0.01 0.3±0.02 
BEH-RP18 8.90 0.4±0.04 0.5±0.1 0.8±0.02 0.4±0.04 0.6±0.01 0.8±0.05 0.1±0.01 0.1±0.02 0.6±0.1 0.1±0.03 0.1±0.01 0.2±0.01 
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Table A. 15 1H T1 and T2 relaxation times for butyl 4-hydroxybenzoate in 50:50 % v/v 
MeOH:D2O (from top to bottom according to HPLC elution order):  mobile phase in the 
absence of stationary phase (solution only) and in the presence of BEH-C18, BEH-
phenyl, BEH-RP18, CSH hexyl-phenyl and HSS T3 stationary phases. Data were 








H-1(f) H-2(f) H-3(f) H-4(f) H-5(f) H-6(f) H-1(b) H-2(b) H-3(b) H-4(b) H-5(b) H-6(b) 
Solution only n/a 1.8±0.02 1.9±0.04 1.1±0.02 1.0±0.07 1.3±0.07 1.7±0.07 n/a 
BEH-Phenyl 10.12 2.7±0.1 2.4±0.04 1.4±0.03 1.2±0.1 1.3±0.1 1.9±0.1 1.8±0.1 1.7±0.1 0.9±0.1 N/A 1.1±0.1 1.4±0.1 
CSH Hexyl-phenyl 21.63 2.6±0.05 2.2±0.04 1.5±0.02 1.3±0.1 1.3±0.1 2.0±0.1 1.7±0.1 1.6±0.1 1.0±0.1 N/A 1.1±0.04 1.4±0.1 
BEH-C18 26.79 2.8±0.1 2.9±0.1 1.5±0.1 1.1±0.1 1.2±0.05 1.4±0.1 1.8±0.1 1.8±0.1 1.0±0.1 1.0±0.04 1.0±0.04 1.1±0.04 
BEH-RP18 29.18 2.4±0.1 2.7±0.1 1.5±0.1 1.4±0.1 1.4±0.1 1.6±0.1 1.2±0.04 1.3±0.1 1.1±0.04 1.0±0.06 1.1±0.1 1.1±0.1 
HSS T3 38.00 2.4±0.1 2.9±0.1 1.4±0.04 1.1±0.1 1.1±0.04 1.4±0.05 1.5±0.1 1.5±0.1 0.8±0.04 0.8±0.03 0.8±0.03 0.9±0.04 
  T2(s) 
  H-1(f) H-2(f) H-3(f) H-4(f) H-5(f) H-6(f) H-1(b) H-2(b) H-3(b) H-4(b) H-5(b) H-6(b) 
Solution only n/a 1.2±0.03 1.2±0.1 0.6±0.01 0.7±0.02 1.0±0.01 1.1±0.01 n/a 
BEH-Phenyl 10.12 0.9±0.04 0.8±0.1 0.6±0.03 0.7±0.04 1.0 ±0.04 1.1±0.04 0.1±0.01 0.2±0.02 0.02±0.03 N/A 0.1 ±0.004 0.1±0.03 
CSH Hexyl-phenyl 21.63 1.0±0.1 1.1±0.1 0.8±0.05 0.8±0.04 1.1±0.05 1.2±0.04 0.01±0.02 0.4±0.02 0.02±0.001 N/A 0.1±0.02 0.1±0.004 
BEH-C18 26.79 0.6±0.03 0.6±0.04 0.6±0.04 0.6±0.04 0.9±0.03 1.0±0.02 0.1±0.01 0.1±0.01 0.04±0.02 0.04±0.003 0.04±0.01 0.1±0.01 
BEH-RP18 29.18 0.7±0.1 0.8±0.1 0.6±0.04 0.5±0.04 0.7±0.03 0.9±0.05 0.04±0.01 0.04±0.02 0.02±0.001 0.03±0.02 0.03±0.002 0.1±0.003 
HSS T3 38.00 0.7±0.05 0.8±0.1 0.8±0.04 0.6±0.03 0.8±0.04 1.0±0.04 0.1±0.03 0.1±0.01 0.03±0.01 0.01±0.01 0.04±0.04 0.1±0.01 
 
 
Table A. 16 1H T1 and T2 relaxation times for dipropyl phthalate in 50:50 % v/v 
MeCN:D2O (from top to bottom according to HPLC elution order):  mobile phase in the 
absence of stationary phase (solution only) and in the presence of BEH-C18, BEH-
phenyl, BEH-RP18, CSH hexyl-phenyl and HSS T3 stationary phases. Data were 








H-1(a) H-2(a) H-3(a) H-4(a) H-5(a) 
Solution only n/a 2.4±0.04 2.1±0.03 1.9±0.04 1.6±0.1 1.6±0.1 
BEH-Phenyl 10.73 3.6±0.1 3.0±0.1 2.4±0.1 2.0±0.1 2.1±0.2 
CSH Hexyl-phenyl 11.59 3.2±0.1 2.7±0.1 2.2±0.1 1.9±0.1 2.0±0.1 
BEH-RP18 11.59 3.1±0.1 2.6±0.1 2.1±0.1 1.9±0.1 1.7±0.1 
BEH-C18 17.30 3.9±0.1 3.2±0.04 2.6±0.1 1.9±0.2 2.0±0.2 
HSS T3 25.59 3.4±0.1 2.8±0.1 2.3±0.1 1.8±0.1 1.8±0.1 
  T2(s)  
  H-1(a) H-2(a) H-3(a) H-4(a) H-5(a) 
Solution only n/a 2.0±0.1 1.9±0.05 1.3±0.04 0.8±0.03 1.3±0.02 
BEH-Phenyl 10.73 1.7±0.1 1.8±0.2 1.0±0.1 0.5±0.01 0.9±0.05 
CSH Hexyl-phenyl 11.59 0.8±0.04 0.7±0.1 0.7±0.05 0.5±0.06 0.6±0.02 
BEH-RP18 11.59 0.5±0.02 0.4±0.01 0.5±0.01 0.4±0.04 0.5±0.02 
BEH-C18 17.30 2.2±0.1 2.1±0.1 1.0±0.05 0.5±0.05 1.1±0.1 
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Table A. 17 1H T1 and T2 relaxation times for dipropyl phthalate in 50:50 % v/v 
MeOH:D2O (from top to bottom according to HPLC elution order):  mobile phase in the 
absence of stationary phase (solution only) and in the presence of BEH-C18, BEH-
phenyl, BEH-RP18, CSH hexyl-phenyl and HSS T3 stationary phases. Data were 








H-1(a) H-2(a) H-3(a) H-4(a) H-5(a) 
Solution only n/a 0.9±0.05 0.8±0.05 0.9±0.03 1.8±0.05 1.8±0.1 
BEH-RP18 34.80 1.2±0.1 1.0±0.1 0.9±0.1 1.8±0.1 1.4±0.1 
BEH-Phenyl 37.76 1.3±0.1 1.0±0.1 0.8±0.1 1.9±0.1 2.0±0.1 
CSH Hexyl-phenyl 40.16 1.4±0.1 1.2±0.1 0.9±0.1 1.4±0.1 1.7±0.1 
BEH-C18 52.04 1.5±0.05 1.1±0.04 1.0±0.04 1.5±0.1 1.4±0.1 
HSS T3 90.00 1.3±0.1 1.0±0.1 0.8±0.1 1.3±0.1 1.2±0.1 
  T2(s)  
  H-1(a) H-2(a) H-3(a) H-4(a) H-5(a) 
Solution only n/a 0.6±0.05 0.6±0.01 0.5±0.002 0.2±0.05 1.2±0.05 
BEH-RP18 34.80 0.2±0.002 0.1±0.003 0.2±0.05 0.3±0.2 0.8±0.1 
BEH-Phenyl 37.76 0.2±0.004 0.1±0.003 0.2±0.04 0.4±0.3 0.7±0.1 
CSH Hexyl-phenyl 40.16 0.1±0.005 0.1±0.005 0.2±0.05 0.3±0.05 1.1±0.1 
BEH-C18 52.04 0.2±0.002 0.1±0.002 0.2±0.02 0.5±0.003 0.9±0.04 
HSS T3 90.00 0.2±0.004 0.1±0.003 0.2±0.08 0.2±0.03 1.1±0.1 
 
 
Table A. 18 1H T1 and T2 relaxation times for benzoic acid in 50:50 % v/v MeCN:D2O 
(from top to bottom according to HPLC elution order):  mobile phase in the absence of 
stationary phase (solution only) and in the presence of BEH-C18, BEH-phenyl, BEH-
RP18, CSH hexyl-phenyl and HSS T3 stationary phases. Data were obtained at 500 MHz 








H-1(f) H-2(f) H-3(f) H-1(b) H-2(b) H-3(b) 
Solution only n/a 4.4±0.1 4.6±0.1 4.1±0.1 n/a 
BEH-Phenyl 2.34 5.9±0.1 6.8±0.1 5.5±0.1 5.0±0.2 5.8±0.3 4.7±0.1 
BEH-C18 2.67 5.5±0.1 6.3±0.1 5.1±0.1 4.6±0.1 4.4±0.1 4.2±0.1 
CSH Hexyl-phenyl 3.13 5.1±0.1 7.0±0.3 5.1±0.1 4.1±0.1 4.3±0.2 4.1±0.1 
HSS T3 3.58 5.4±0.1 6.3±0.1 5.3±0.1 5.0±0.3 5.2±0.3 4.5±0.1 
BEH-RP18 10.82 5.0±0.1 6.7±0.2 5.2±0.1 3.8±0.1 3.1±0.2 3.3±0.1 
  T2(s) 
  H-1(f) H-2(f) H-3(f) H-1(b) H-2(b) H-3(b) 
Solution only n/a 2.0±0.05 2.3±0.05 1.9±0.05 n/a 
BEH-Phenyl 2.34 0.7±0.01 1.0±0.02 0.8±0.07 0.4±0.01 0.3±0.02 0.3±0.03 
BEH-C18 2.67 0.9±0.02 1.1±0.01 1.0±0.02 0.5±0.04 0.3±0.05 0.3±0.04 
CSH Hexyl-phenyl 3.13 1.1±0.05 1.4±0.04 1.2±0.05 0.3±0.01 0.2±0.02 0.2±0.01 
HSS T3 3.58 1.3±0.02 1.6±0.02 1.3±0.02 1.0±0.04 0.6±0.1 0.2±0.02 
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Table A. 19 1H T1 and T2 relaxation times for benzoic acid in 50:50 % v/v MeOH:D2O 
(from top to bottom according to HPLC elution order):  mobile phase in the absence of 
stationary phase (solution only) and in the presence of BEH-C18, BEH-phenyl, BEH-
RP18, CSH hexyl-phenyl and HSS T3 stationary phases. Data were obtained at 500 MHz 
spectrometer at 313 K and 5.0 kHz spinning frequency. 
MeOH/D2O 
 
SP HPLC Rt (mins) 
T1(s) 
H-1(f) H-2(f) H-3(f) H-1(b) H3-(b) 
Solution only n/a 4.0±0.1 4.4±0.1 3.7±0.1 n/a 
BEH-Phenyl 3.02 4.6±0.1 5.3±0.1 4.1±0.1 3.0±0.1 2.9±0.1 
CSH Hexyl-phenyl 4.00 4.6±0.1 5.2±0.1 4.1±0.04 3.0±0.1 2.8±0.1 
BEH-C18 4.30 3.7±0.1 5.0±0.1 3.9±0.1 2.7±0.1 2.5±0.1 
HSS T3 6.80 3.8±0.1 5.1±0.2 3.6±0.1 2.6±0.1 2.4±0.1 
BEH-RP18 19.00 3.2±0.04 4.6±0.1 3.4±0.05 n/a 2.0±0.1 
  T2(s) 
  H-1(f) H-2(f) H-3(f) H-1(b) H3-(b) 
Solution only n/a 1.6±0.1 2.2±0.03 1.6±0.1 n/a 
BEH-Phenyl 3.02 0.5±0.02 0.8±0.02 0.6±0.03 0.1±0.01 0.2±0.05 
CSH Hexyl-phenyl 4.00 0.7±0.03 1.0±0.02 0.8±0.03 0.2±0.03 0.6±0.1 
BEH-C18 4.30 0.6±0.01 0.8±0.02 0.7±0.01 0.2±0.01 0.1±0.01 
HSS T3 6.80 0.5±0.03 0.9±0.02 0.6±0.03 0.2±0.02 0.1±0.01 




Table A. 20 1H T1 and T2 relaxation times for 3-hydroxybenzoic acid in 50:50 % v/v 
MeCN:D2O (from top to bottom according to HPLC elution order):  mobile phase in the 
absence of stationary phase (solution only) and in the presence of BEH-C18, BEH-
phenyl, BEH-RP18, CSH hexyl-phenyl and HSS T3 stationary phases. Data were 








H-1(f) H-1*(f) H-2(f) H-3(f) H-1(b) H-2(b) H-3(b) 
Solution only n/a 3.8±0.1 6.4±0.05 3.2±0.03 4.7±0.05 n/a 
BEH-Phenyl 2.06 4.3±0.1 7.1±0.1 3.7±0.03 5.1±0.1 n/a 3.5±0.1 4.6±0.1 
BEH-C18 2.07 4.2±0.1 7.3±0.1 3.6±0.1 5.6±0.2 n/a 3.7±0.1 5.5±0.2 
CSH Hexyl-phenyl 2.44 4.2±0.1 6.9±0.1 3.6±0.1 4.7±0.1 3.9±0.1 3.5±0.1 3.9±0.1 
HSS T3 2.67 4.4±0.05 7.7±0.1 3.8±0.03 5.6±0.05 n/a 3.9±0.1 6.0±0.2 
BEH-RP18 14.38 3.4±0.1 4.6±0.1 3.1±0.04 4.3±0.1 n/a 2.4±0.1 3.1±0.1 
  T2(s) 
  H-1(f) H-1*(f) H-2(f) H-3(f) H-1(b) H-2(b) H-3(b) 
Solution only n/a 2.6±0.04 3.4±0.04 2.4±0.03 2.6±0.03 n/a 
BEH-Phenyl 2.06 1.5±0.05 1.7±0.04 1.5±0.1 1.5±0.06 n/a 0.7±0.04 1.3±0.1 
BEH-C18 2.07 1.7±0.04 1.8±0.04 1.6±0.05 1.7±0.05 n/a 0.9±0.07 1.0±0.1 
CSH Hexyl-phenyl 2.44 1.8±0.1 1.8±0.1 1.8±0.1 1.8±0.1 0.6±0.1 0.4±0.03 0.4±0.02 
HSS T3 2.67 2.0±0.04 2.3±0.05 2.0±0.05 2.0±0.04 n/a 0.7±0.1 0.7±0.05 
BEH-RP18 14.38 2.0±0.1 2.1±0.1 2.0±0.1 2.1±0.05 n/a 0.2±0.01 0.3±0.03 
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Table A. 21 1H T1 and T2 relaxation times for 3-hydroxybenzoic acid in 50:50 % v/v 
MeOH:D2O (from top to bottom according to HPLC elution order):  mobile phase in the 
absence of stationary phase (solution only) and in the presence of BEH-C18, BEH-
phenyl, BEH-RP18, CSH hexyl-phenyl and HSS T3 stationary phases. Data were 
obtained at 500 MHz spectrometer at 313 K and 5.0 kHz spinning frequency. 
MeOH:D2O 
 
SP HPLC Rt (mins) 
T1(s)  
H-1(f) H-1*(f) H-2(f) H-3(f) H-1(b) H-2(b) H-3(b) 
Solution only n/a 2.7±0.1 4.3±0.1 2.3±0.1 3.3±0.1 n/a 
BEH-C18 2.29 3.4±0.05 6.0±0.05 2.7±0.04 4.3±0.07 n/a n/a n/a 
BEH-Phenyl 2.55 3.2±0.04 5.2±0.1 2.7±0.05 3.9±0.1 2.9±0.1 2.5±0.1 3.2±0.1 
HSS T3 2.70 2.9±0.05 5.4±0.1 2.5±0.1 3.8±0.1 3.0±0.1 2.2±0.1 3.3±0.1 
CSH Hexyl-phenyl 3.14 3.1±0.05 5.3±0.1 2.4±0.03 3.7±0.1 3.3±0.1 1.7±0.1 2.0±0.1 
BEH-RP18 10.30 2.7±0.05 4.8±0.1 2.6±0.1 3.6±0.1 2.0±0.1 2.0±0.04 2.6±0.1 
  T2(s)  
  H-1(f) H-1*(f) H-2(f) H-3(f) H-1(b) H-2(b) H-3(b) 
Solution only n/a 1.9±0.01 2.4±0.02 1.8±2.2 2.0±0.02 n/a 
BEH-C18 2.29 1.6±0.05 1.8±0.06 1.5±0.1 1.6±0.06 n/a n/a n/a 
BEH-Phenyl 2.55 1.8±0.02 1.7±0.03 1.7±0.02 1.8±0.02 1.4±0.1 1.1±0.2 0.5±0.1 
HSS T3 2.70 1.8±0.05 2.1±0.03 1.8±0.03 1.9±0.03 0.8±0.1 0.6±0.04 0.8±0.1 
CSH Hexyl-phenyl 3.14 2.0±0.03 2.4±0.04 1.9±0.03 2.1±0.03 0.7±0.1 0.3±0.04 0.6±0.1 




Table A. 22 1H T1 and T2 relaxation times for meclizine in 50:50 % v/v MeCN:D2O 
mobile phase in the absence of stationary phase (solution only) and in the presence of 
BEH-C18, BEH-phenyl, BEH-RP18, CSH hexyl-phenyl and HSS T3 stationary phases. 
Data were obtained at 500 MHz spectrometer at 313 K and 5.0 kHz spinning frequency. 
MeCN:D2O 
 
SP HPLC Rt (mins) 
T1(s) 
H-1(a) H-2(a) H-3(a) H-4(a) H-5(a) H-6(a) H-7(a) 





1.2±0.1 1.7±0.1 0.5±0.1 0.4±0.1 0.3±0.1 0.3±0.1 0.9±0.1 
BEH-Phenyl 1.1±0.04 1.5±0.1 0.5±0.1 0.4±0.1 0.3±0.05 0.3±0.1 0.9±0.1 
BEH-RP18 1.2±0.02 1.7±0.03 0.5±0.04 0.4±0.04 0.3±0.04 0.3±0.05 0.9±0.1 
CSH Hexyl-phenyl 1.3±0.03 1.8±0.02 0.6±0.06 0.4±0.02 0.3±0.04 0.3±0.05 1.0±0.1 
HSS T3 1.2±0.01 1.5±0.03 0.6±0.03 0.4±0.03 0.3±0.04 0.3±0.06 1.0±0.1 
  T2(s) 
  H-1(a) H-2(a) H-3(a) H-4(a) H-5(a) H-6(a) H-7(a) 





0.8±0.02 1.0±0.02 0.4±0.02 0.3±0.02 0.2±0.05 0.2±0.004 0.8±0.02 
BEH-Phenyl 0.6±0.02 0.7±0.03 0.4±0.01 0.3±0.01 0.2±0.003 0.2±0.004 0.7±0.01 
BEH-RP18 0.6±0.02 0.7±0.02 0.3±0.01 0.3±0.01 0.2±0.002 0.2±0.004 0.7±0.01 
CSH Hexyl-phenyl 0.6±0.02 0.6±0.03 0.5±0.01 0.3±0.01 0.2±0.003 0.2±0.01 0.7±0.01 
HSS T3 0.6±0.02 0.6±0.03 0.4±0.02 0.3±0.01 0.2±0.004 0.2±0.01 0.7±0.01 
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Table A. 23 1H T1 and T2 relaxation times for meclizine in 50:50 % v/v MeOH:D2O 
mobile phase in the absence of stationary phase (solution only) and in the presence of 
BEH-C18, BEH-phenyl, BEH-RP18, CSH hexyl-phenyl and HSS T3 stationary phases. 
Data were obtained at 500 MHz spectrometer at 313 K and 5.0 kHz spinning frequency. 
MeOH:D2O 
 
SP HPLC Rt (mins) 
T1(s) 
H-1(a) H-2(a) H-3(a) H-4(a) H-5(a) H-6(a) H-7(a) 




onto column  
1.2±0.04 1.5±0.01 0.5±0.1 0.3±0.03 0.3±0.03 0.4±0.03 1.0±0.04 
BEH-Phenyl 1.1±0.04 1.5±0.04 0.4±0.1 0.5±0.1 0.3±0.02 0.4±0.02 1.0±0.1 
BEH-RP18 1.1±0.02 1.5±0.03 0.5±0.1 0.5±0.02 0.3±0.01 0.4±0.03 0.9±0.1 
CSH Hexyl-phenyl 1.1±0.04 1.4±0.02 0.6±0.1 0.8±0.1 0.4±0.03 0.4±0.03 1.0±0.1 
HSS T3 1.2±0.1 1.2±0.03 0.6±0.1 0.5±3.7E-2 0.3±0.02 0.4±0.02 0.9±0.1 
  T2(s) 
  H-1(a) H-2(a) H-3(a) H-4(a) H-5(a) H-6(a) H-7(a) 




onto column  
1.0±0.1 0.9±0.1 0.5±0.1 0.3±0.03 0.2±0.02 0.1±0.01 0.9±0.07 
BEH-Phenyl 0.8±0.1 0.8±0.1 0.4±0.04 0.3±0.03 0.2±0.02 0.2±0.02 0.7±0.07 
BEH-RP18 0.8±0.1 0.7±0.1 0.4±0.04 0.3±0.03 0.2±0.02 0.1±0.01 0.7±0.07 
CSH Hexyl-phenyl 0.7±0.1 0.7±0.1 0.7±0.2 0.3±0.03 0.2±0.02 0.2±0.02 0.7±0.07 
HSS T3 0.7±0.2 0.3±0.3 0.4±0.1 0.3±0.03 0.2±0.02 0.2±0.02 0.7±0.07 
 
 
Table A. 24 1H T1 and T2 relaxation times for hydroxyzine in 50:50 % v/v MeCN:D2O 
mobile phase in the absence of stationary phase (solution only) and in the presence of 
BEH-C18, BEH-phenyl, BEH-RP18, CSH hexyl-phenyl and HSS T3 stationary phases. 
Data were obtained at 500 MHz spectrometer at 313 K and 5.0 kHz spinning frequency. 
MeCN:D2O 
 
SP HPLC Rt (mins) 
T1(s) 
H-1(a) H-2(a) H-3(a) H-4(a) H-5(a) H-6(a) H-7(a) H-8(a) 





1.1±0.04 1.7±0.04 0.5±0.04 0.4±0.04 0.3±0.02 0.9±0.04 0.7±0.04 0.3±0.06 
BEH-Phenyl 1.1±0.01 1.7±0.01 0.5±0.02 0.4±0.04 0.3±0.03 0.9±0.1 0.7±0.1 0.3±0.1 
BEH-RP18 1.2±0.02 1.8±0.02 0.5±0.04 0.4±0.05 0.3±0.05 0.8±0.1 0.6±0.05 0.3±0.1 
CSH Hexyl-phenyl 1.1±0.04 1.7±0.05 0.5±0.03 0.4±0.05 0.3±0.05 0.9±0.1 0.6±0.1 0.3±0.1 
HSS T3 1.3±0.03 2.0±0.03 0.6±0.02 0.4±0.02 0.3±0.02 1.0±0.04 0.7±0.04 0.3±0.03 
  T2(s) 
  H-1(a) H-2(a) H-3(a) H-4(a) H-5(a) H-6(a) H-7(a) H-8(a) 






0.6±0.005 0.8±0.05 0.3±0.01 0.3±0.01 0.1±0.01 0.7±0.02 0.6±0.01 0.2±0.004 
BEH-Phenyl 0.6±0.008 0.7±0.01 0.3±0.01 0.3±0.01 0.1±0.004 0.6±0.004 0.6±0.01 0.2±0.002 
BEH-RP18 0.6±0.007 0.7±0.01 0.3±0.01 0.3±0.01 0.1±0.004 0.6±0.01 0.5±0.01 0.2±0.004 
CSH Hexyl-phenyl 0.6±0.005 0.7±0.01 0.3±0.01 0.3±0.004 0.1±0.003 0.7±0.003 0.6±0.01 0.2±0.003 
HSS T3 0.7±0.005 0.8±0.004 0.4±0.01 0.3±0.01 0.1±20.003 0.7±0.004 0.6±0.01 0.2±0.001 
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Table A. 25 1H T1 and T2 relaxation times for hydroxyzine in 50:50 % v/v MeOH:D2O 
mobile phase in the absence of stationary phase (solution only) and in the presence of 
BEH-C18, BEH-phenyl, BEH-RP18, CSH hexyl-phenyl and HSS T3 stationary phases. 
Data were obtained at 500 MHz spectrometer at 313 K and 5.0 kHz spinning frequency. 
 MeOH:D2O 
 
SP HPLC Rt (mins) 
 T1(s) 
H-1(a) H-2(a) H-3(a) H-4(a) H-5(a) H-6(a) H-7(a) H-8(a) 





1.0±0.03 1.5±0.03 0.5±0.02 0.4±0.004 0.4±0.006 0.8±0.008 0.6±0.02 0.3±0.01 
BEH-Phenyl 0.9±0.04 1.3±0.1 0.5±0.05 0.3±0.05 0.3±0.1 0.6±0.1 0.4±0.1 0.2±0.1 
BEH-RP18 0.9±0.04 1.2±0.1 0.5±0.1 0.5±0.1 0.3±0.1 0.6±0.1 0.4±0.04 0.3±0.1 
CSH Hexyl-phenyl 1.0±0.03 1.4±0.03 0.5±0.04 0.4±0.01 0.4±0.01 0.8±0.01 0.6±0.01 0.3±0.01 
HSS T3 0.9±0.1 1.3±0.1 0.4±0.1 0.4±0.1 0.3±0.1 0.6±0.1 0.5±0.1 0.3±0.1 
   T2(s) 
  H-1(a) H-2(a) H-3(a) H-4(a) H-5(a) H-6(a) H-7(a) H-8(a) 






0.5±0.007 0.7±0.006 0.3±0.006 0.2±0.006 0.1±0.006 0.5±0.005 0.4±0.01 0.2±0.002 
BEH-Phenyl 0.3±0.005 0.3±0.009 0.2±0.006 0.2±0.007 0.1±0.01 0.4±0.004 0.3±0.008 0.05±0.01 
BEH-RP18 0.4±0.007 0.5±0.007 0.2±0.006 0.2±0.007 0.1±0.007 0.4±0.003 0.3±0.01 0.1±0.003 
CSH Hexyl-phenyl 0.5±0.006 0.5±0.01 0.2±0.007 0.2±0.005 0.1±0.005 0.5±0.006 0.4±0.008 0.1±0.002 
HSS T3 0.4±0.01 0.5±0.008 0.2±0.009 0.2±0.009 0.1±0.008 0.4±0.005 0.3±0.01 0.1±0.002 
 
 
Table A. 26 1H T1 and T2 relaxation times for propranolol in 50:50 % v/v MeCN:D2O 
mobile phase in the absence of stationary phase (solution only) and in the presence of 
BEH-C18, BEH-phenyl, BEH-RP18, CSH hexyl-phenyl and HSS T3 stationary phases. 
Data were obtained at 500 MHz spectrometer at 313 K and 5.0 kHz spinning frequency. 
MeCN:D2O 
 
SP HPLC Rt (mins) 
T1(s)    
H-1(a) H-2(a) H-3(a) H-4(a) H-5(a) H-6(a) H-7(a) H-8(a) H-9(a) H-10(a) H-11(a) 





2.6±0.1 2.2±0.1 2.2±0.02 2.2±0.03 0.3±0.1 1.1±0.03 1.6±0.1 1.4±0.1 0.5±0.1 0.4±0.1 1.1±0.02 
CSH Hexyl-phenyl 2.5±0.1 2.2±0.04 2.1±0.04 2.2±0.05 1.1±0.1 1.3±0.03 1.6±0.1 1.5±0.1 0.5±0.05 0.5±0.05 1.0±0.1 
BEH-RP18 2.4±0.04 2.1±0.1 2.0±0.1 2.0±0.1 1.6±0.1 1.0±0.1 1.4±0.04 1.1±0.03 0.6±0.03 0.6±0.1 0.9±0.1 
BEH-C18 2.8±0.1 2.4±0.1 2.3±0.04 2.4±0.03 1.4±0.1 1.3±0.03 1.7±0.1 1.2±0.1 0.5±0.05 0.5±0.1 1.0±0.1 
HSS T3 2.5±0.1 2.0±0.04 2.1±0.03 2.1±0.04 1.1±0.1 1.1±0.1 1.4±0.1 1.1±0.1 0.5±0.1 0.5±0.1 0.9±0.1 
  T2(s)    
  H-1(a) H-2(a) H-3(a) H-4(a) H-5(a) H-6(a) H-7(a) H-8(a) H-9(a) H-10(a) H-11(a) 





0.1±0.004 0.7±0.1 0.8±0.05 1.0±0.05 0.6±0.04 0.8±0.05 0.6±0.02 0.4±0.02 0.4±0.02 0.4±0.02 0.6±0.01 
CSH Hexyl-phenyl 0.3±0.04 0.6±0.04 0.6±0.1 0.8±0.05 0.6±0.04 0.7±0.03 0.5±0.02 0.4±0.02 0.4±0.01 0.4±0.02 0.6±0.01 
BEH-RP18 0.1±0.04 0.8±0.04 0.8±0.05 1.0±0.04 0.7±0.03 0.9±0.02 0.5±0.01 0.4±0.01 0.4±0.02 0.4±0.02 0.6±0.01 
BEH-C18 0.3±0.1 1.0±0.03 0.5±0.1 1.1±0.03 0.8±0.03 0.9±0.03 0.7±0.02 0.5±0.01 0.5±0.01 0.5±0.02 0.7±0.01 
HSS T3 0.04±0.003 0.7±0.03 0.8±0.1 0.9±0.03 0.6±0.04 0.7±0.03 0.5±0.03 0.4±0.01 0.4±0.01 0.4±0.02 0.6±0.01 
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Table A. 27 1H T1 and T2 relaxation times for propranolol in 50:50 % v/v MeOH:D2O 
mobile phase in the absence of stationary phase (solution only) and in the presence of 
BEH-C18, BEH-phenyl, BEH-RP18, CSH hexyl-phenyl and HSS T3 stationary phases. 
Data were obtained at 500 MHz spectrometer at 313 K and 5.0 kHz spinning frequency. 
MeOH:D2O 
 
SP HPLC Rt (mins) 
T1(s)    
H-1(a) H-2(a) H-3(a) H-4&5(a) H-5(a) H-6(a) H-7(a) H-8(a) H-9(a) H-10(a) 





2.3±0.1 2.0±0.05 1.8±0.02 1.7±0.02 1.1±0.02 1.5±0.05 0.5±0.01 1.4±0.05 0.6±0.03 0.8±0.1 
CSH Hexyl-phenyl 2.2±0.04 1.9±0.04 1.8±0.02 1.8±0.02 1.2±0.03 1.6±0.06 0.6±0.02 1.4±0.07 0.6±0.05 0.8±0.06 
BEH-RP18 2.2±0.04 1.9±0.03 1.8±0.03 1.8±0.02 1.1±0.03 1.4±0.05 0.5±0.02 1.3±0.1 0.6±0.04 0.9±0.1 
BEH-C18 2.1±0.1 1.9±0.1 1.7±0.04 1.6±0.04 1.0±0.03 1.6±0.1 0.5±0.03 1.3±0.1 0.6±0.05 0.8±0.05 
HSS T3 2.1±0.04 1.9±0.04 1.8±0.02 1.7±0.01 1.1±0.03 1.2±0.03 0.5±0.02 1.3±0.1 0.6±0.05 0.8±0.1 
  T2(s)    
  H-1(a) H-2(a) H-3(a) H-4&5(a) H-5(a) H-6(a) H-7(a) H-8(a) H-9(a) H-10(a) 





0.1±0.004 0.8±0.02 0.8±0.1 0.8±0.02 0.7±0.02 0.4±0.02 0.3±0.01 0.4±0.02 0.4±0.02 0.6±0.02 
CSH Hexyl-phenyl 0.1±0.004 0.7±0.05 0.7±0.1 0.7±0.05 0.7±0.03 0.3±0.02 0.3±0.01 0.3±0.01 0.3±0.02 0.5±0.03 
BEH-RP18 0.1±0.004 0.6±0.03 0.6±0.06 0.6±0.03 0.6±0.02 0.4±0.01 0.3±0.01 0.4±0.01 0.3±0.02 0.5±0.01 
BEH-C18 0.1±0.003 0.6±0.02 0.8±0.04 0.6±0.02 0.6±0.03 0.4±0.01 0.3±0.01 0.4±0.01 0.3±0.01 0.5±0.01 
HSS T3 0.1±0.002 0.6±0.04 0.6±0.1 0.7±0.02 0.7±0.02 0.4±0.02 0.3±0.01 0.3±0.01 0.3±0.02 0.5±0.01 
 
 
Table A. 28 1H T1 and T2 relaxation times for amitriptyline in 50:50 % v/v MeCN:D2O 
mobile phase in the absence of stationary phase (solution only) and in the presence of 
BEH-C18, BEH-phenyl, BEH-RP18, CSH hexyl-phenyl and HSS T3 stationary phases. 
Data were obtained at 500 MHz spectrometer at 313 K and 5.0 kHz spinning frequency. 
MeCN:D2O 
 
SP HPLC Rt (mins) 
T1(s) 
H-1(a) H-2(a) H-3(a) H-4(a) H-5(a) H-6(a) H-7(a) H-8(a) 




onto column  
2.0±0.04 2.4±0.03 2.2±0.03 1.9±0.1 1.5±0.04 0.7±0.1 0.9±0.1 0.7±0.1 
BEH-Phenyl 2.0±0.03 2.3±0.03 2.1±0.03 1.7±0.05 1.5±0.04 0.7±0.1 0.9±0.1 0.7±0.1 
BEH-RP18 2.1±0.03 2.5±0.01 2.4±0.02 2.1±0.04 1.7±0.1 0.7±0.1 0.9±0.1 0.7±0.1 
CSH Hexyl-phenyl 2.1±0.04 2.6±0.02 2.5±0.03 2.2±0.03 1.8±0.03 0.7±0.05 1.0±0.1 0.8±0.1 
HSS T3 2.1±0.05 2.5±0.03 2.4±0.02 2.1±0.05 1.6±0.03 0.7±0.1 1.0±0.1 0.7±0.1 
  T2(s) 
  H-1(a) H-2(a) H-3(a) H-4(a) H-5(a) H-6(a) H-7(a) H-8(a) 




onto column  
0.9±0.04 1.0±0.03 1.0±0.04 1.0±0.04 0.3±0.02 0.1±0.01 0.8±0.03 0.2±0.02 
BEH-Phenyl 1.0±0.04 1.0±0.03 1.0±0.04 1.0±0.03 0.3±0.03 0.1±0.01 0.7±0.03 0.3±0.03 
BEH-RP18 1.1±0.04 1.2±0.02 1.2±0.02 1.1±0.02 0.3±0.02 0.1±0.01 0.8±0.03 0.3±0.02 
CSH Hexyl-phenyl 1.3±0.02 1.5±0.01 1.4±0.01 1.4±0.02 0.5±0.02 0.1±0.01 1.0±0.02 0.3±0.03 
HSS T3 1.1±0.03 1.2±0.02 1.2±0.02 1.2±0.02 0.4±0.02 0.1±0.01 0.8±0.03 0.3±0.02 
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Table A. 29 1H T1 and T2 relaxation times for amitriptyline in 50:50 % v/v MeOH:D2O 
mobile phase in the absence of stationary phase (solution only) and in the presence of 
BEH-C18, BEH-phenyl, BEH-RP18, CSH hexyl-phenyl and HSS T3 stationary phases. 
Data were obtained at 500 MHz spectrometer at 313 K and 5.0 kHz spinning frequency. 
MeOH:D2O 
 
SP HPLC Rt (mins) 
T1(s) 
H-1(a) H-2(a) H-3(a) H-4(a) H-5(a) H-6(a) H-7(a) H-8(a) 




onto column  
1.4±0.03 1.6±0.03 1.4±0.04 1.2±0.03 1.1±0.04 0.5±0.04 0.7±0.05 0.4±0.05 
BEH-Phenyl 1.4±0.01 1.6±0.01 1.4±0.02 1.2±0.02 1.1±0.03 0.5±0.05 0.7±0.06 0.5±0.05 
BEH-RP18 1.4±0.02 1.6±0.02 1.6±0.02 1.3±0.02 1.1±0.03 0.5±0.03 0.8±0.03 0.6±0.02 
CSH Hexyl-phenyl 1.3±0.03 1.6±0.03 1.6±0.04 1.4±0.04 1.1±0.04 0.5±0.05 0.7±0.1 0.6±0.1 
HSS T3 1.3±0.05 1.5±0.05 1.4±0.1 1.1±0.1 1.1±0.1 0.5±0.1 0.7±0.1 0.5±0.1 
  T2(s) 
  H-1(a) H-2(a) H-3(a) H-4(a) H-5(a) H-6(a) H-7(a) H-8(a) 




onto column  
0.7±0.02 0.8±0.02 0.6±0.03 0.8±0.03 0.2±0.01 0.1±0.01 0.5±0.02 0.1±0.02 
BEH-Phenyl 0.7±0.02 0.8±0.02 0.6±0.03 0.6±0.03 0.2±0.01 0.1±0.01 0.4±0.02 0.2±0.01 
BEH-RP18 0.8±0.01 0.9±0.02 0.9±0.01 0.8±0.01 0.2±0.02 0.1±0.01 0.5±0.01 0.2±0.02 
CSH Hexyl-phenyl 0.8±0.01 0.9±0.02 0.8±0.01 0.8±0.03 0.2±0.01 0.2±0.02 0.5±0.02 0.1±0.01 
HSS T3 0.9±0.02 0.9±0.03 0.9±0.03 0.9±0.04 0.2±0.02 0.1±0.01 0.4±0.02 0.2±0.009 
 
 
Table A. 30 1H T1 and T2 relaxation times for aniline in 50:50 % v/v MeCN:D2O (from 
top to bottom according to HPLC elution order):  mobile phase in the absence of 
stationary phase (solution only) and in the presence of BEH-C18, BEH-phenyl, BEH-
RP18, CSH hexyl-phenyl and HSS T3 stationary phases. Data were obtained at 500 MHz 
spectrometer at 313 K and 5.0 kHz spinning frequency. 
MeCN/D2O 
 
SP HPLC Rt (mins) 
T1(s) 
H-1(f) H-2(f) H-1(b) H-2(b) 
Solution only n/a 6.4 ± 0.3 7.0 ± 0.4 n/a 
BEH-C18 3.58 7.4 ± 0.4 8.0 ± 0.4 3.9 ± 0.2 3.58 
BEH-Phenyl 3.67 7.6 ± 0.4 8.7 ± 0.4 4.1 ± 0.2 3.67 
BEH-RP18 3.73 7.5 ± 0.4 8.1 ± 0.4 4.0 ± 0.2 3.73 
CSH hexyl phenyl 3.80 6.7 ± 0.3 7.5 ± 0.4 3.7 ± 0.2 3.80 
HSS T3 4.22 8.4 ± 0.4 7.9 ± 0.4 6.1 ± 0.3 4.22 
  T2(s) 
  H-1(f) H-2(f) H-1(b) H-2(b) 
Solution only n/a 2.8±0.4 2.9±0.4 n/a 
BEH-C18 3.58 1.6±0.2 1.6±0.2 0.1±0.02 0.1±0.02 
BEH-Phenyl 3.67 1.5±0.2 1.6±0.2 0.1±0.02 0.1±0.02 
BEH-RP18 3.73 1.3±0.2 1.3±0.2 0.1±0.02 0.1±0.02 
CSH hexyl phenyl 3.80 1.5±0.2 1.6±0.2 0.1±0.02 0.1±0.02 
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Table A. 31 1H T1 and T2 relaxation times for aniline in 50:50 % v/v MeOH:D2O (from 
top to bottom according to HPLC elution order):  mobile phase in the absence of 
stationary phase (solution only) and in the presence of BEH-C18, BEH-phenyl, BEH-
RP18, CSH hexyl-phenyl and HSS T3 stationary phases. Data were obtained at 500 MHz 
spectrometer at 313 K and 5.0 kHz spinning frequency. 
MeOH/D2O 
 
SP HPLC Rt (mins) 
T1(s) 
H-1(f) H-2(f) H-1(b) H-2(b) 
Solution only n/a 4.8±0.1 5.4±0.1 n/a 
BEH-C18 3.86 6.0±0.1 6.7±0.1 2.6±0.1 3.1±0.1 
BEH-RP18 4.06 5.8±0.1 6.5±0.1 2.4±0.05 2.9±0.1 
BEH-Phenyl 4.22 5.5±0.1 5.9±0.1 2.3±0.1 2.4±0.1 
CSH hexyl phenyl 4.39 5.7±0.1 6.3±0.1 2.4±0.1 2.5±0.1 
HSS T3 4.56 6.4±0.1 7.0±0.1 3.4±0.1 3.4±0.1 
  T2(s) 
  H-1(f) H-2(f) H-1(b) H-2(b) 
Solution only n/a 2.6±0.1 2.6±0.1 n/a 
BEH-C18 3.86 1.3±0.01 1.3±0.01 0.1±0.003 0.03±0.004 
BEH-RP18 4.06 2.3±0.04 2.4±0.05 0.1±0.002 0.04±0.003 
BEH-Phenyl 4.22 1.4±0.04 1.3±0.03 0.1±0.002 0.1±0.001 
CSH hexyl phenyl 4.39 1.3±0.04 1.3±0.04 0.1±0.003 0.1±0.003 




Table A. 32 1H T1 and T2 relaxation times for 2-aminophenol in 50:50 % v/v MeCN:D2O 
(from top to bottom according to HPLC elution order):  mobile phase in the absence of 
stationary phase (solution only) and in the presence of BEH-C18, BEH-phenyl, BEH-
RP18, CSH hexyl-phenyl and HSS T3 stationary phases. Data were obtained at 500 MHz 




SP HPLC Rt (mins) 
T1(s) 
H-1(a) H-2(a) H-3(a) 
Solution only n/a 9.2±0.1 9.4±0.1 9.0±0.2 
BEH-C18 2.84 3.7±0.1 5.4±0.2 5.6±0.1 
BEH-RP18 2.97 5.0±0.1 5.5±0.2 5.3±0.1 
BEH-Phenyl 3.03 5.1±0.1 6.2±0.1 6.0±0.2 
HSS T3 3.18 9.9±0.2 9.5±0.4 9.3±0.4 
CSH hexyl phenyl 3.19 5.6±0.1 5.2±0.1 5.1±0.1 
  T2(s) 
  H-1(a) H-2(a) H-3(a) 
Solution only n/a 1.8±0.02 1.8±0.02 1.7±0.02 
BEH-C18 2.84 1.3±0.02 1.2±0.05 1.3±0.04 
BEH-RP18 2.97 1.6±0.03 1.5±0.04 1.5±0.04 
BEH-Phenyl 3.03 1.8±0.03 1.6±0.1 1.6±0.1 
HSS T3 3.18 2.0±0.03 1.8±0.1 1.8±0.1 
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Table A. 33 1H T1 and T2 relaxation times for 2-aminophenol in 50:50 % v/v MeCN:D2O 
(from top to bottom according to HPLC elution order):  mobile phase in the absence of 
stationary phase (solution only) and in the presence of BEH-C18, BEH-phenyl, BEH-
RP18, CSH hexyl-phenyl and HSS T3 stationary phases. Data were obtained at 500 MHz 




SP HPLC Rt (mins) 
T1(s) 
H-1(a) H-2(a) H-3(a) 
Solution only n/a 4.3±0.2 3.8±0.2 3.9±0.2 
BEH-C18 3.13 4.5±0.2 4.4±0.2 4.1±0.2 
BEH-RP18 3.34 4.3±0.2 3.9±0.2 3.7±0.2 
BEH-Phenyl 3.56 4.0±0.2 3.8±0.2 3.9±0.2 
HSS T3 3.59 4.2±0.2 3.5±0.2 3.6±0.2 
CSH hexyl phenyl 3.81 4.2±0.2 3.4±0.2 3.9±0.2 
  T2(s) 
  H-1(a) H-2(a) H-3(a) 
Solution only n/a 2.5±0.3 2.4±0.2 2.3±0.2 
BEH-C18 3.13 1.6±0.2 1.5±0.2 1.5±0.2 
BEH-RP18 3.34 1.6±0.2 1.7±0.2 1.5±0.2 
BEH-Phenyl 3.56 1.5±0.2 1.5±0.2 1.4±0.1 
HSS T3 3.59 1.7±0.2 1.7±0.2 1.7±0.2 
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Table A. 34 Experimental retention times (minutes) of all 15 analytes under gradient 
elution method across BEH-C18, BEH-phenyl and BEH-RP18 stationary phases. 





i. toluene 7.92 8.26 6.23 
ii. naphthalene 8.47 9.07 6.80 
iii. acenaphthylene 9.18 9.83 7.33 
iv. benzophenone 8.06 9.12 6.57 
v. biphenyl 8.95 9.66 7.2 
vi. propranolol 7.03 10.04 4.37 
vii.2-aminophenol 3.84 1.58 0.70 
viii. aniline 4.58 5.00 0.71 
ix.3-hydroxybenzoic acid 1.07 0.53 3.98 
x. dipropyl phthalate 8.45 9.48 6.91 
xi. butyl 4-hydroxybenzoate 8.05 6.45 6.40 
xii. benzoic acid 2.32 0.73 4.61 
xiii. amitriptyline hydrochloride 8.55 10.84 4.91 
xiv. hydroxyzine 8.77 10.20 4.89 
xv. meclizine 10.24 11.52 5.6 
 
Table A. 35 Predicted retention times (minutes) of all 15 analytes under gradient elution 
method across BEH-C18, BEH-phenyl and BEH-RP18 stationary phases. 





i. toluene 6.04 7.41 5.85 
ii. naphthalene 6.49 8.07 6.33 
iii. acenaphthylene  N/A  
iv. benzophenone 6.71 8.10 6.16 
v. biphenyl 6.89 8.49 6.67 
vi. propranolol 5.90 8.05 4.15 
vii.2-aminophenol 4.49 5.39 3.19 
viii. aniline 4.92 6.08 3.54 
ix.3-hydroxybenzoic acid 4.30 4.50 5.09 
x. dipropyl phthalate 7.04 8.64 6.53 
xi. butyl 4-hydroxybenzoate 6.38 7.04 6.34 
xii. benzoic acid 4.75 4.97 5.34 
xiii. amitriptyline hydrochloride 7.38 9.66 5.30 
xiv. hydroxyzine 7.21 8.07 3.43 
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Table A. 36 1H T1 and T2 relaxation times for toluene in 50:50 % v/v MeCN:D2O (from 
top to bottom according to HPLC experimental elution order): mobile phase in the 
absence of stationary phase (solution only) and in the presence of BEH-RP18, BEH-C18 
and BEH-Phenyl stationary phases. Data were obtained at 500 MHz spectrometer at 313 









H-1(f) H-2(f) H-3(f) H-1(b) H-2(b) H-3(b) 
Solution only n/a 6.4±0.1 6.5±0.1 6.4±0.1 n/a 
BEH-RP18 6.23/5.85 6.8±0.5 6.2±0.5 4.8±0.2 3.3±0.2 3.1±0.2 2.5±0.1 
BEH-C18 7.92/6.04 5.6±0.1 5.1±0.1 4.6±0.1 3.6±0.2 3.4±0.2 3.0±0.1 
BEH-Phenyl 8.26/7.41 3.5±0.3 2.6±0.2 3.8±0.3 2.6±0.1 2.4±0.1 2.8±0.1 
  T2(s) 
  H-1(f) H-2(f) H-3(f) H-1(b) H-2(b) H-3(b) 
Solution only n/a 3.5±0.1 3.5±0.1 3.5±0.1 n/a 
BEH-RP18 6.23/5.85 2.2±0.1 2.0±0.1 1.9±0.1 0.2±0.004 0.2±0.003 0.2±0.005 
BEH-C18 7.92/6.04 1.8±0.1 1.6±0.1 1.6±0.02 0.1±0.001 0.1±0.002 0.2±0.001 





Table A. 37 1H T1 and T2 relaxation times for naphthalene in 50:50 % v/v MeCN:D2O 
(from top to bottom according to HPLC experimental elution order): mobile phase in the 
absence of stationary phase (solution only) and in the presence of BEH-RP18, BEH-C18 
and BEH-Phenyl stationary phases. Data were obtained at 500 MHz spectrometer at 313 





SP HPLC Rt (mins) I/II 
T1(s) 
H-1(f) H-2(f) H-1(b) H-2(b) 
Solution only n/a 5.6±0.1 6.0±0.1 n/a 
BEH-RP18 6.80/6.33 7.5±1.2 6.8±0.4 2.8±0.1 3.1±0.1 
BEH-C18 8.47/6.49 7.1±0.2 7.7±0.5 3.5±0.1 3.5±0.1 
BEH-Phenyl 9.07/8.07 7.7±0.4 7.8±0.5 4.5±0.1 4.4±0.1 
  T2(s) 
  H-1(f) H-2(f) H-1(b) H-2(b) 
Solution only n/a 2.8±0.1 2.9±0.03 n/a 
BEH-RP18 6.80/6.33 2.0±0.1 2.2±0.1 0.1±0.002 0.1±0.004 
BEH-C18 8.47/6.49 2.2±0.03 2.3±0.04 0.1±0.002 0.1±0.001 
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Table A. 38 1H T1 and T2 relaxation times for acenaphthene in 50:50 % v/v MeCN:D2O 
(from top to bottom according to HPLC experimental elution order): mobile phase in the 
absence of stationary phase (solution only) and in the presence of BEH-RP18, BEH-C18 
and BEH-Phenyl stationary phases. Data were obtained at 500 MHz spectrometer at 313 










H-1(f) H-2(f) H-3(f) H-4(f) H-1(b) H-2(b) H-3(b) H-4(b) 
Solution only n/a 5.9±0.2 6.1±0.4 5.8±0.3 2.7±0.1 n/a 
BEH-RP18 7.33/n.a 7.5±1.1 7.5±1.2 7.1±0/6 3.4±0.2 2.8±0.1 2.9±0.1 2.7±0.1 1.4±0.1 
BEH-C18 9.18/n.a 7.4±0.8 7.7±1.1 5.7±0.4 2.7±0.1 2.9±0.1 2.9±0.1 2.9±0.1 1.3±0.04 
BEH-Phenyl 9.83/n.a 5.0±0.4 4.5±0.2 4.6±0.3 2.6±0.1 3.2±0.1 2.8±0.1 2.1±0.1 1.4±0.1 
  T2(s) 
  H-1(f) H-2(f) H-3(f) H-4(f) H-1(b) H-2(b) H-3(b) H-4(b) 
Solution only n/a 1.8±0.1 2.2±0.1 2.2±0.1 1.8±0.05 n/a 
BEH-RP18 7.33/n.a 1.5±0.1 1.3±0.1 1.2±0.1 1.2±0.1 0.2±0.004 0.1±0.006 0.1±0.007 0.1±0.002 
BEH-C18 9.18/n.a 1.4±0.1 1.2±0.1 1.3±0.1 1.2±0.03 0.1±0.02 0.1±0.02 0.1±0.003 0.1±0.003 
BEH-Phenyl 9.83/n.a 1.8±0.1 1.9±0.1 1.7±0.1 1.2±0.01 0.1±0.004 0.1±0.004 0.1±0.004 0.1±0.003 
 
 
Table A. 39 1H T1 and T2 relaxation times for benzophenone in 50:50 % v/v MeCN:D2O 
(from top to bottom according to HPLC experimental elution order): mobile phase in the 
absence of stationary phase (solution only) and in the presence of BEH-RP18, BEH-C18 
and BEH-Phenyl stationary phases. Data were obtained at 500 MHz spectrometer at 313 









H-1(f) H-2(f) H-3(f) H-1(b) H-2(b) H-3(b) 
Solution only n/a 4.5±0.1 5.1±0.2 4.5±0.1 n/a 
BEH-RP18 6.57/6.16 5.8±0.3 7.1±0.7 6.0±0.3 3.3±0.1 3.3±0.1 3.2±0.05 
BEH-C18 8.06/6.71 5.8±0.2 6.2±0.3 5.1±0.1 3.9±0.1 3.9±0.1 3.7±0.04 
BEH-Phenyl 9.12/8.10 6.1±0.1 6.1±0.4 5.5±0.2 4.3±0.1 4.3±0.1 3.9±0.1 
  T2(s) 
  H-1(f) H-2(f) H-3(f) H-1(b) H-2(b) H-3(b) 
Solution only n/a 2.8±0.04 3.0±0.1 2.8±0.04 n/a 
BEH-RP18 6.57/6.16 1.9±0.02 1.9±0.1 1.8±0.02 0.2±0.01 0.1±0.01 0.1±0.004 
BEH-C18 8.06/6.71 2.1±0.03 2.1±0.1 1.9±0.1 0.8±0.1 0.8±0.1 0.7±0.1 
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Table A. 40 1H T1 and T2 relaxation times for biphenyl in 50:50 % v/v MeCN:D2O (from 
top to bottom according to HPLC experimental elution order): mobile phase in the 
absence of stationary phase (solution only) and in the presence of BEH-RP18, BEH-C18 
and BEH-Phenyl stationary phases. Data were obtained at 500 MHz spectrometer at 313 









H-1(f) H-3(f) H-2(b) H-3(b) 
Solution only n/a 4.2±0.1 4.7±0.1 n/a 
BEH-RP18 7.20/6.67 5.1±0.1 4.1±0.1 2.4±0.1 2.6±0.1 
BEH-C18 8.95/6.89 5.8±0.2 6.0±0.2 3.3±0.1 3.4±0.2 
BEH-Phenyl 9.66/8.49 6.1±0.5 3.5±0.2 2.9±0.1 2.7±0.1 
  T2(s) 
  H-1(f) H-3(f) H-2(b) H-3(b) 
Solution only n/a 2.8±0.03 2.9±0.04 n/a 
BEH-RP18 7.20/6.67 2.1±0.2 1.5±0.2 0.2±0.003 0.2±0.01 
BEH-C18 8.95/6.89 2.6±0.04 2.7±0.1 0.2±0.04 0.1±0.01 






Table A. 41 1H T1 and T2 relaxation times for butyl 4-hydroxybenzoate in 50:50 % v/v 
MeCN:D2O (from top to bottom according to HPLC experimental elution order): mobile 
phase in the absence of stationary phase (solution only) and in the presence of BEH-RP18, 
BEH-phenyl and BEH-C18 stationary phases. Data were obtained at 500 MHz 
spectrometer at 313 K and 5.0 kHz spinning frequency. Where I: experimental HPLC 
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Table A. 42 1H T1 and T2 relaxation times for dipropyl phthalate in 50:50 % v/v 
MeCN:D2O (from top to bottom according to HPLC experimental elution order): mobile 
phase in the absence of stationary phase (solution only) and in the presence of BEH-RP18, 
BEH-C18 and BEH-Phenyl stationary phases. Data were obtained at 500 MHz 
spectrometer at 313 K and 5.0 kHz spinning frequency. Where I: experimental HPLC 
data and II: predicted HPLC data 
MeCN/D2O 
 
SP HPLC Rt (mins) 
T1(s) 
H-1(a) H-2(a) H-3(a) H-4(a) H-5(a) 
Solution only n/a 2.4±0.04 2.1±0.03 1.9±0.04 1.6±0.1 1.6±0.1 
BEH-RP18 6.91/6.53 3.1±0.1 2.6±0.1 2.1±0.1 1.9±0.1 1.7±0.1 
BEH-C18 8.45/7.04 3.9±0.1 3.2±0.04 2.6±0.1 1.9±0.2 2.0±0.2 
BEH-Phenyl 9.48/8.64 3.6±0.1 3.0±0.1 2.4±0.1 2.0±0.1 2.1±0.2 
  T2(s) 
  H-1(a) H-2(a) H-3(a) H-4(a) H-5(a) 
Solution only n/a 2.0±0.09 1.9±0.05 1.3±0.04 0.8±0.03 1.3±0.02 
BEH-RP18 6.91/6.53 0.5±0.02 0.4±0.01 0.5±0.01 0.4±0.01 0.5±0.02 
BEH-C18 8.45/7.04 2.2±0.1 2.1±0.1 1.0±0.05 0.5±0.05 1.1±0.1 




Table A. 43 1H T1 and T2 relaxation times for benzoic acid in 50:50 % v/v MeCN:D2O 
(from top to bottom according to HPLC experimental elution order): mobile phase in the 
absence of stationary phase (solution only) and in the presence of BEH-phenyl, BEH-C18 
and BEH-RP18 stationary phases. Data were obtained at 500 MHz spectrometer at 313 K 




SP HPLC Rt (mins) 
T1(s) 
H-1(f) H-2(f) H-3(f) H-1(b) H-2(b) H-3(b) 
Solution only n/a 4.4±0.1 4.6±0.1 4.1±0.1 n/a 
BEH-Phenyl 0.73/4.97 5.9±0.1 6.8±0.1 5.5±0.1 5.0±0.2 5.8±0.3 4.7±0.1 
BEH-C18 2.32/4.75 5.5±0.1 6.3±0.1 5.1±0.1 4.6±0.1 4.4±0.1 4.2±0.1 
BEH-RP18 4.61/5.29 5.0±0.1 6.7±0.2 5.2±0.1 3.8±0.1 3.1±0.2 3.3±0.1 
  T2(s) 
  H-1(f) H-2(f) H-3(f) H-1(b) H-2(b) H-3(b) 
Solution only n/a 2.0±0.05 2.3±0.05 1.9±0.04 n/a 
BEH-Phenyl 0.73/4.97 0.7±0.01 1.0±0.02 0.8±0.01 0.4±0.01 0.3±0.02 0.3±0.03 
BEH-C18 2.32/4.75 0.9±0.01 1.1±0.01 1.0±0.02 0.5±0.04 0.3±0.05 0.3±0.04 
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Table A. 44 1H T1 and T2 relaxation times for 3-hydroxybenzoic acid in 50:50 % v/v 
MeCN:D2O (from top to bottom according to HPLC experimental elution order): mobile 
phase in the absence of stationary phase (solution only) and in the presence of BEH-
phenyl, BEH-C18 and BEH-RP18 stationary phases. Data were obtained at 500 MHz 
spectrometer at 313 K and 5.0 kHz spinning frequency. Where I: experimental HPLC 
data and II: predicted HPLC data 
MeCN/D2O 
 
SP HPLC Rt (mins) 
T1(s) 
H-1(f) H-1*(f) H-2(f) H-3(f) H-2(b) H-3(b) 
Solution only n/a 3.8±0.1 6.4±0.05 3.2±0.03 4.7±0.05 n/a 
BEH-Phenyl 0.53/4.50 4.3±0.1 7.1±0.1 3.7±0.03 5.1±0.1 3.5±0.1 4.6±0.1 
BEH-C18 1.07/4.30 4.2±0.1 7.3±0.1 3.6±0.1 5.6±0.2 3.7±0.1 5.5±0.2 
BEH-RP18 3.98/5.09 3.4±0.1 4.6±0.1 3.1±0.04 4.3±0.1 2.4±0.1 3.1±0.1 
  T2(s) 
  H-1(f) H-1*(f) H-2(f) H-3(f) H-2(b) H-3(b) 
Solution only n/a 2.6±0.04 3.4±0.04 2.4±0.03 2.6±0.03 n/a 
BEH-Phenyl 0.53/4.50 1.5±0.05 1.7±0.04 1.5±0.1 1.5±0.06 0.7±0.04 1.3±0.1 
BEH-C18 1.07/4.30 1.7±0.04 1.8±0.04 1.6±0.05 1.7±0.05 0.9±0.07 1.0±0.1 
BEH-RP18 3.98/5.09 2.0±0.1 2.1±0.1 2.0±0.1 2.1±0.05 0.2±0.01 0.3±0.03 
 
 
Table A. 45 1H T1 and T2 relaxation times for aniline in 50:50 % v/v MeCN:D2O (from 
top to bottom according to HPLC experimental elution order): mobile phase in the 
absence of stationary phase (solution only) and in the presence of BEH-RP18, BEH-C18 
and BEH-phenyl stationary phases. Data were obtained at 500 MHz spectrometer at 313 




SP HPLC Rt (mins) T1(s) H-1(f) H-2(f) H-1(b) H-2(b) 
Solution only n/a 6.4 ± 0.3 7.0 ± 0.4 n/a 
BEH-RP18 0.71/3.54 7.5 ± 0.4 8.1 ± 0.4 4.0 ± 0.2 3.7 ± 0.2 
BEH-C18 4.58/4.92 7.4 ± 0.4 8.0 ± 0.4 3.9 ± 0.2 3.9 ± 0.2 
BEH-Phenyl 5.00/6.08 7.6 ± 0.4 8.7 ± 0.4 4.1 ± 0.2 4.8 ± 0.2 
  T2(s) 
  H-1(f) H-2(f) H-1(b) H-2(b) 
Solution only n/a 2.8±0.4 2.9±0.4 n/a 
BEH-RP18 0.71/3.54 1.3±0.2 1.3±0.2 0.1±0.02 0.1±0.02 
BEH-C18 4.58/4.92 1.6±0.2 1.6±0.2 0.1±0.02 0.1±0.02 
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Table A. 46 1H T1 and T2 relaxation times for 2-aminophenol in 50:50 % v/v MeCN:D2O 
(from top to bottom according to HPLC experimental elution order): mobile phase in the 
absence of stationary phase (solution only) and in the presence of BEH-RP18, BEH-
phenyl and BEH-C18 stationary phases. Data were obtained at 500 MHz spectrometer at 
313 K and 5.0 kHz spinning frequency. Where I: experimental HPLC data and II: 




SP HPLC Rt (mins) T1(s) H-1(a) H-2(a) H-3(a) 
Solution only n/a 9.2±0.1 9.4±0.1 9.0±0.2 
BEH-RP18 0.70/3.19 5.0±0.1 5.5±0.2 5.3±0.1 
BEH-Phenyl 1.58/5.39 5.1±0.1 6.2±0.1 6.0±0.2 
BEH-C18 3.84/4.49 3.7±0.1 5.4±0.2 5.6±0.1 
  T2(s) 
  H-1(a) H-2(a) H-3(a) 
Solution only n/a 1.8±0.02 1.8±0.02 1.7±0.02 
BEH-RP18 0.70/3.19 1.6±0.03 1.5±0.04 1.5±0.04 
BEH-Phenyl 1.58/5.39 1.8±0.03 1.6±0.1 1.6±0.1 





Table A. 47 1H T1 and T2 relaxation times for meclizine in 50:50 % v/v MeCN:D2O (from 
top to bottom according to HPLC experimental elution order): mobile phase in the 
absence of stationary phase (solution only) and in the presence of BEH-RP18, BEH-C18 
and BEH-phenyl stationary phases. Data were obtained at 500 MHz spectrometer at 313 




SP HPLC Rt (mins) 
T1(s) 
H-1(a) H-2(a) H-3(a) H-4(a) H-5(a) H-6(a) H-7(a) 
Solution only n/a 1.2±0.03 1.8±0.03 0.6±0.03 0.4±0.05 0.4±0.03 0.4±0.02 1.1±0.02 
BEH-RP18 5.60/5.29 1.2±0.02 1.7±0.03 0.5±0.04 0.4±0.04 0.3±0.04 0.3±0.05 0.9±0.1 
BEH-C18 10.24/8.67 1.2±0.1 1.7±0.1 0.5±0.1 0.4±0.1 0.3±0.1 0.3±0.1 0.9±0.1 
BEH-Phenyl 11.52/10.16 1.1±0.04 1.5±0.1 0.5±0.1 0.4±0.1 0.3±0.05 0.3±0.1 0.9±0.1 
  T2(s) 
  H-1(a) H-2(a) H-3(a) H-4(a) H-5(a) H-6(a) H-7(a) 
Solution only n/a 0.6±0.03 1.0±0.02 0.5±0.01 0.3±0.01 0.2±0.002 0.2±0.002 0.8±0.01 
BEH-RP18 5.60/5.29 0.6±0.02 0.7±0.02 0.3±0.01 0.3±0.01 0.2±0.002 0.2±0.004 0.7±0.01 
BEH-C18 10.24/8.67 0.8±0.02 1.0±0.02 0.4±0.01 0.3±0.02 0.2±0.005 0.2±0.004 0.8±0.02 
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Table A. 48 1H T1 and T2 relaxation times for hydroxyzine in 50:50 % v/v MeCN:D2O 
(from top to bottom according to HPLC experimental elution order): mobile phase in the 
absence of stationary phase (solution only) and in the presence of BEH-RP18, BEH-C18 
and BEH-phenyl stationary phases. Data were obtained at 500 MHz spectrometer at 313 




SP HPLC Rt (mins) 
 T1(s) 
H-1(a) H-2(a) H-3(a) H-4(a) H-5(a) H-6(a) H-7(a) H-8(a) 
Solution only n/a 1.1±0.02 1.6±0.03 0.5±0.01 0.4±0.02 0.3±0.02 0.9±0.04 0.8±0.04 0.3±0.02 
BEH-RP18 4.89/3.43 1.2±0.02 1.8±0.02 0.5±0.04 0.4±0.05 0.3±0.05 0.8±0.1 0.6±0.05 0.3±0.1 
BEH-C18 8.77/7.21 1.1±0.004 1.7±0.04 0.5±0.04 0.4±0.04 0.3±0.03 0.9±0.04 0.7±0.04 0.3±0.06 
BEH-Phenyl 10.20/10.16 1.1±0.006 1.7±0.01 0.5±0.02 0.4±0.04 0.3±0.03 0.9±0.1 0.7±0.1 0.3±0.1 
   T2(s) 
  H-1(a) H-2(a) H-3(a) H-4(a) H-5(a) H-6(a) H-7(a) H-8(a) 
Solution only n/a 0.7±0.004 0.9±0.002 0.4±0.006 0.3±0.002 0.1±0.002 0.7±0.005 0.7±0.007 0.2±0.003 
BEH-RP18 4.89/3.43 0.6±0.007 0.7±0.008 0.3±0.006 0.3±0.005 0.1±0.004 0.6±0.005 0.5±0.009 0.2±0.004 
BEH-C18 8.77/7.21 0.6±0.005 0.8±0.005 0.3±0.005 0.3±0.005 0.1±0.005 0.7±0.002 0.6±0.009 0.2±0.004 
BEH-Phenyl 10.20/10.16 0.6±0.008 0.7±0.01 0.3±0.009 0.3±0.005 0.1±0.004 0.6±0.004 0.6±0.01 0.2±0.002 
 
Table A. 49 1H T1 and T2 relaxation times for amitriptyline in 50:50 % v/v MeCN:D2O 
(from top to bottom according to HPLC experimental elution order): mobile phase in the 
absence of stationary phase (solution only) and in the presence of BEH-RP18, BEH-C18 
and BEH-phenyl stationary phases. Data were obtained at 500 MHz spectrometer at 313 




SP HPLC Rt (mins) 
 T1(s) 
H-1(a) H-2(a) H-3(a) H-4(a) H-5(a) H-6(a) H-7(a) H-8(a) 
Solution only n/a 1.1±0.02 1.6±0.03 0.5±0.01 0.4±0.02 0.3±0.02 0.9±0.04 0.8±0.04 0.3±0.02 
BEH-RP18 4.89/3.43 1.2±0.02 1.8±0.02 0.5±0.04 0.4±0.05 0.3±0.05 0.8±0.1 0.6±0.05 0.3±0.1 
BEH-C18 8.77/7.21 1.1±0.04 1.7±0.04 0.5±0.04 0.4±0.04 0.3±0.03 0.9±0.04 0.7±0.04 0.3±0.06 
BEH-Phenyl 10.20/10.16 1.1±0.006 1.7±0.02 0.5±0.02 0.4±0.04 0.3±0.03 0.9±0.1 0.7±0.1 0.3±0.1 
   T2(s) 
  H-1(a) H-2(a) H-3(a) H-4(a) H-5(a) H-6(a) H-7(a) H-8(a) 
Solution only n/a 0.7±0.004 0.9±0.002 0.4±0.01 0.3±0.002 0.1±0.002 0.7±0.01 0.7±0.01 0.2±0.003 
BEH-RP18 4.89/3.43 0.6±0.01 0.7±0.01 0.3±0.01 0.3±0.01 0.1±0.004 0.6±0.01 0.5±0.01 0.2±0.004 
BEH-C18 8.77/7.21 0.6±0.005 0.8±0.005 0.3±0.005 0.3±0.005 0.1±0.005 0.7±0.002 0.6±0.009 0.2±0.004 
BEH-Phenyl 10.20/10.16 0.6±0.008 0.7±0.01 0.3±0.009 0.3±0.005 0.1±0.004 0.6±0.004 0.6±0.001 0.2±0.02 
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Table A. 50 1H T1 and T2 relaxation times for propranolol in 50:50 % v/v MeCN:D2O 
(from top to bottom according to HPLC experimental elution order): mobile phase in the 
absence of stationary phase (solution only) and in the presence of BEH-RP18, BEH-C18 
and BEH-phenyl stationary phases. Data were obtained at 500 MHz spectrometer at 313 










H-1(a) H-2(a) H-3(a) H-4(a) H-5(a) H-6(a) H-7(a) H-8(a) H-9(a) H-10(a) H-11(a) 
Solution only n/a 2.5±0.04 2.1±0.02 1.9±0.02 1.9±0.02 1.8±0.04 1.3±0.03 1.7±0.04 0.9±0.03 0.7±0.02 0.8±0.01 0.9±0.1 
BEH-RP18 4.37/4.15 2.4±0.04 2.1±0.1 2.0±0.1 2.0±0.1 1.6±0.1 1.0±0.1 1.4±0.04 1.1±0.03 0.6±0.03 0.6±0.1 0.9±0.1 
BEH-C18 7.03/5.90 2.8±0.1 2.4±0.1 2.3±0.04 2.4±0.03 1.4±0.1 1.3±0.03 1.7±0.1 1.2±0.1 0.5±0.05 0.5±0.1 1.0±0.1 
BEH-Phenyl 10.4/8.05 2.6±0.1 2.2±0.1 2.2±0.02 2.2±0.03 0.3±0.1 1.1±0.03 1.6±0.1 1.4±0.1 0.5±0.1 0.4±0.1 1.1±0.02 
  T2(s) 
  H-1(a) H-2(a) H-3(a) H-4(a) H-5(a) H-6(a) H-7(a) H-8(a) H-9(a) H-10(a) H-11(a) 
Solution only n/a 0.4±0.1 1.0±0.03 1.0±0.1 1.0±0.01 1.1±0.02 1.0±0.02 0.7±0.01 0.5±0.01 0.5±0.01 0.5±0.01 0.8±0.004 
BEH-RP18 4.37/4.15 0.1±0.04 0.8±0.04 0.8±0.05 1.0±0.04 0.7±0.03 0.9±0.02 0.5±0.01 0.4±0.01 0.4±0.02 0.4±0.02 0.6±0.01 
BEH-C18 7.03/5.90 0.3±0.1 1.0±0.03 0.5±0.1 1.1±0.03 0.8±0.03 0.9±0.03 0.7±0.02 0.5±0.01 0.5±0.01 0.5±0.02 0.7±0.01 
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Figure A. 1. 1H 500 MHz NMR spectra of water peaks (in presence of phosphate buffer) 
using a (a) 4 mm solenoid probe and (b) 4 mm Low-E probes. From top to bottom, the 
nutation frequencies of the RF pulse were 83 kHz, 71 kHz, 50 kHz, 30 kHz and 15 kHz 
respectively. The spectra with short irradiation (black) had fixed pulse length of (10 µs), 
while the long RF irradiation (blue) were varied but kept constant across the different 
rotors (30 ms). The spectra of the long RF irradiation (blue) were scaled to match that of 
the short RF irradiation pulse lengths (black). All spectra were acquired at 298 K with 10 
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Figure A. 2. 1H 500 MHz NMR spectra of water peaks with (a) 100 mM and (b) 50 mM 
phosphate buffer concentrations packed into a  4 mm rotor. From top to bottom, the 
nutation frequencies of the RF pulse were 83 kHz, 71 kHz, 50 kHz, 30 kHz and 15 kHz 
respectively. The spectra with short irradiation (black) had fixed pulse length of (10 µs), 
while the long RF irradiation (blue) were varied but kept constant across the different 
rotors (30 ms). The spectra of the long RF irradiation (blue) were scaled to match that of 
the short RF irradiation pulse lengths (black). All spectra were acquired at 298 K with 10 
kHz MAS spinning frequency. 
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Figure A. 3.  Images of samples used for Raman spectroscopy (a) BEH-C18, (b) BEH-




Figure A. 4. Images of samples used for Raman spectroscopy (a) BEH-C18, (b) BEH-
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Figure A. 5. 500 MHz 1H HR-MAS NMR spectra of toluene in (from top to bottom) in 
solution only (50:50 % v/v of MeCN:D2O and MeOH:D2O) and in the presence of BEH-
C18, BEH-phenyl, BEH-RP18, CSH hexyl-phenyl and HSS T3 stationary phases. All 
spectra were obtained at 313 K and 5.0 kHz spinning frequency. 
 
Figure A. 6. 500 MHz 1H HR-MAS NMR spectra (aromatic protons) of naphthalene in 
(from top to bottom) in solution only (50:50 % v/v of MeCN:D2O and MeOH:D2O)  and 
in the presence of BEH-C18, BEH-phenyl, BEH-RP18, CSH hexyl-phenyl and HSS T3 
stationary phases. All spectra were obtained at 313 K and 5.0 kHz spinning frequency. 
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Figure A. 7 500 MHz 1H HR-MAS NMR spectra (aromatic protons) of acenaphthylene 
in (from top to bottom) in solution only (50:50 % v/v of MeCN:D2O)  and in the presence 
of BEH-C18, BEH-phenyl, BEH-RP18, CSH hexyl-phenyl and HSS T3 stationary 
phases. All spectra were obtained at 313 K and 5.0 kHz spinning frequency. 
 
Figure A. 8. 500 MHz 1H HR-MAS NMR spectra (aromatic protons) of benzophenone in 
(from top to bottom) in solution only (50:50 % v/v of MeCN:D2O and MeOH:D2O)  and 
in the presence of BEH-C18, BEH-phenyl, BEH-RP18, CSH hexyl-phenyl and HSS T3 
stationary phases. All spectra were obtained at 313 K and 5.0 kHz spinning frequency. 
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Figure A. 9. 500 MHz 1H HR-MAS NMR spectra (aromatic protons) of biphenyl in (from 
top to bottom) in solution only (50:50 % v/v of MeCN:D2O and MeOH:D2O)  and in the 
presence of BEH-C18, BEH-phenyl, BEH-RP18, CSH hexyl-phenyl and HSS T3 
stationary phases. All spectra were obtained at 313 K and 5.0 kHz spinning frequency. 
 
Figure A. 10. 500 MHz 1H HR-MAS NMR spectra of propranolol in (from top to bottom) 
in solution only (50:50 % v/v of MeCN:D2O and MeOH:D2O)  and in the presence of 
BEH-C18, BEH-phenyl, BEH-RP18, CSH hexyl-phenyl and HSS T3 stationary phases. 
All spectra were obtained at 313 K and 5.0 kHz spinning frequency. 
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Figure A. 11. 500 MHz 1H HR-MAS NMR spectra (aromatic protons) of 2-aminophenol 
in (from top to bottom) in solution only (50:50 % v/v of MeCN:D2O and MeOH:D2O)  
and in the presence of BEH-C18, BEH-phenyl, BEH-RP18, CSH hexyl-phenyl and HSS 
T3 stationary phases. All spectra were obtained at 313 K and 5.0 kHz spinning frequency. 
 
Figure A. 12. 500 MHz 1H HR-MAS NMR spectra (aromatic protons) of aniline in (from 
top to bottom) in solution only (50:50 % v/v of MeCN:D2O and MeOH:D2O)  and in the 
presence of BEH-C18, BEH-phenyl, BEH-RP18, CSH hexyl-phenyl and HSS T3 
stationary phases. All spectra were obtained at 313 K and 5.0 kHz spinning frequency. 
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Figure A. 13. 500 MHz 1H HR-MAS NMR spectra (aromatic protons) of 3-
hydroxybenzoic acid in (from top to bottom) in solution only (50:50 % v/v of MeCN:D2O 
and MeOH:D2O) and in the presence of BEH-C18, BEH-phenyl, BEH-RP18, CSH hexyl-
phenyl and HSS T3 stationary phases. All spectra were obtained at 313 K and 5.0 kHz 
spinning frequency. 
 
Figure A. 14. 500 MHz 1H HR-MAS NMR spectra of dipropyl phthalate in (from top to 
bottom) in solution only (50:50 % v/v of MeCN:D2O and MeOH:D2O)  and in the 
presence of BEH-C18, BEH-phenyl, BEH-RP18, CSH hexyl-phenyl and HSS T3 
stationary phases. All spectra were obtained at 313 K and 5.0 kHz spinning frequency. 
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Figure A. 15. 500 MHz 1H HR-MAS NMR spectra of butyl 4-hydroxybenzoate in (from 
top to bottom) in solution only (50:50 % v/v of MeCN:D2O and MeOH:D2O) and in the 
presence of BEH-C18, BEH-phenyl, BEH-RP18, CSH hexyl-phenyl and HSS T3 
stationary phases. All spectra were obtained at 313 K and 5.0 kHz spinning frequency. 
 
Figure A. 16. 500 MHz 1H HR-MAS NMR spectra (aromatic protons) of benzoic acid 
in (from top to bottom) in solution only (50:50 % v/v of MeCN:D2O and MeOH:D2O) 
and in the presence of BEH-C18, BEH-phenyl, BEH-RP18, CSH hexyl-phenyl and HSS 
T3 stationary phases. All spectra were obtained at 313 K and 5.0 kHz spinning 
frequency. 
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Figure A. 17. 500 MHz 1H HR-MAS NMR spectra of amitriptyline in (from top to 
bottom) in solution only (50:50 % v/v of MeCN:D2O and MeOH:D2O)  and in the 
presence of BEH-C18, BEH-phenyl, BEH-RP18, CSH hexyl-phenyl and HSS T3 
stationary phases. All spectra were obtained at 313 K and 5.0 kHz spinning frequency. 
 
Figure A. 18. 500 MHz 1H HR-MAS NMR spectra of hydroxyzine in (from top to bottom) 
in solution only (50:50 % v/v of MeCN:D2O and MeOH:D2O)  and in the presence of 
BEH-C18, BEH-phenyl, BEH-RP18, CSH hexyl-phenyl and HSS T3 stationary phases. 
All spectra were obtained at 313 K and 5.0 kHz spinning frequency. 
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Figure A. 19. 500 MHz 1H HR-MAS NMR spectra of meclizine in (from top to bottom) 
in solution only (50:50 % v/v of MeCN:D2O and MeOH:D2O) and in the presence of 
BEH-C18, BEH-phenyl, BEH-RP18, CSH hexyl-phenyl and HSS T3 stationary phases. 
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Figure A. 20. 500 MHz 1H-13C (a) HSQC and (b) HMBC spectra of dipropyl phthalate 
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Figure A. 21. 500 MHz 1H-13C (a) HSQC and (b) HMBC spectra of hydroxyzine  
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Figure A. 22. 500 MHz 1H-13C (a) HSQC and (b) HMBC spectra of 2-aminophenol 
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Figure A. 23. 500 MHz 1H-13C (a) HSQC and (b) HMBC spectra of propranolol 
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Figure A. 24. 500 MHz 1H-13C (a) HSQC and (b) HMBC spectra of butyl 4-
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Figure A. 25. 500 MHz 1H-13C (a) HSQC and (b) HMBC spectra of amitriptyline 
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Figure A. 26. 500 MHz 1H-13C (a) HSQC and (b) HMBC spectra of meclizine (dissolved 
in 50:50 % v/v MeCN:D2O) acquired at 313 K.  
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14 APPENDICES: STATISTICAL SCRIP 
Statistical Script 1 
T1 same measurements  
> View(t1same) 
> attach(t1same) 




lm(formula = measure ~ proton) 
 
Residuals: 
      Min        1Q    Median        3Q       Max  
-0.122773 -0.017544  0.006955  0.031787  0.092157  
 
Coefficients: 
            Estimate Std. Error t value Pr(>|t|)     
(Intercept)  4.53962    0.04293  105.75 7.14e-14 *** 
protonH2     2.57078    0.06071   42.35 1.07e-10 *** 
protonH3    -1.00940    0.06071  -16.63 1.73e-07 *** 
protonH4     1.07972    0.06071   17.79 1.02e-07 *** 
--- 
Signif. codes:   
0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
Residual standard error: 0.07435 on 8 degrees of freedom 
Multiple R-squared:  0.9979, Adjusted R-squared:  0.9971  





T1 different measurements 
> View(t1different) 
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> attach(t1different) 




lm(formula = measure ~ proton) 
 
Residuals: 
     Min       1Q   Median       3Q      Max  
-0.33158 -0.10447 -0.00180  0.09887  0.28740  
 
Coefficients: 
            Estimate Std. Error t value Pr(>|t|)     
(Intercept)   4.4596     0.1167  38.224 2.41e-10 *** 
protonH2      2.3940     0.1650  14.510 4.98e-07 *** 
protonH3     -1.1432     0.1650  -6.928 0.000121 *** 
protonH4      1.0421     0.1650   6.316 0.000229 *** 
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
Residual standard error: 0.2021 on 8 degrees of freedom 
Multiple R-squared:  0.9843, Adjusted R-squared:  0.9784  





T2 same measurements  
> View(t2same) 
> attach(t2same) 




lm(formula = measure ~ proton) 
 
Residuals: 
      Min        1Q    Median        3Q       Max  
-0.037963 -0.008080  0.002618  0.008552  0.025017  
 
Coefficients: 
            Estimate Std. Error t value Pr(>|t|)     
(Intercept)  1.64459    0.01117 147.224 5.07e-15 *** 
protonH2     0.13602    0.01580   8.610 2.56e-05 *** 
protonH3    -0.08600    0.01580  -5.444 0.000613 *** 
protonH4     0.05683    0.01580   3.598 0.007007 **  
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
Residual standard error: 0.01935 on 8 degrees of freedom 
Multiple R-squared:  0.9634, Adjusted R-squared:  0.9497  
F-statistic: 70.18 on 3 and 8 DF,  p-value: 4.353e-06 
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T2 different measurements  
> View(t2different) 
> attach(t2different) 




lm(formula = measure ~ proton) 
 
Residuals: 
    Min      1Q  Median      3Q     Max  
-0.3498 -0.2446 -0.0419  0.3138  0.3825  
 
Coefficients: 
            Estimate Std. Error t value Pr(>|t|)     
(Intercept)  1.98849    0.18566  10.710 5.07e-06 *** 
protonH2     0.13520    0.26256   0.515    0.621     
protonH3    -0.16613    0.26256  -0.633    0.545     
protonH4    -0.02196    0.26256  -0.084    0.935     
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
Residual standard error: 0.3216 on 8 degrees of freedom 
Multiple R-squared:  0.1421, Adjusted R-squared:  -0.1797  
F-statistic: 0.4416 on 3 and 8 DF,  p-value: 0.7297 
 
> qt(0.975,8) 
[1] 2.306004 
 
